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ABSTRACT

Dawood, Sulaiman. MSCE, Purdue University, May 2014. Small Strain Stiffness of a
Carbonatic Fine Grained Soil. Major Professors: Antonio Bobet and Maria C. Santagata.

The work presented in this thesis is part of a broad effort aimed at the characterization of
the engineering properties, microstructure and mineralogy of soft fine-grained carbonatic
soil deposit in Southwestern Indiana (Daviess Co.). The specific focus of this thesis is the
characterization, through both field and laboratory measurements, of the small strain
behavior of this soil, commonly referred to as a “marl.”
Index tests indicate that the 3.5 m marl layer present at the site is characterized by two soil
types alternating in small sublayers: a high plasticity silt (soil M) with wn~60% and
CaCO3~60%, mostly in form of shells, and a low plasticity clay (soil C) with lower water
(~45%) and CaCO3 (~40%) contents, and no shells. Resonant column tests conducted on
high quality samples are used to measure the shear modulus of isotropically consolidated
specimens of both soil M and soil C as a function of stress level (70-650 kPa) and OCR (14) for shear strains between 10-4% and 0.1%. The Gmax data for the two soil types fall on
distinct bands when normalized by void ratio, with the modulus of soil M consistently
greater than that of soil C soil at any stress level. Differences are also observed in the
stiffness degradation behavior, with soil C exhibiting greater non-linearity at the same
stress level and OCR. Finally, measurements of Gmax over time provide values of the aging
parameter NG, which for both soils falls in the range typically reported for clays.

xv
The shear wave velocity (Vs) profile of the site, obtained from two seismic cone penetration
tests, indicates that the marl layer is characterized by values of Vs in the 110-160 m/s range,
significantly lower than those of the layers above and below it.

However, these

measurements do not allow resolution of the C and M sub-layers. Values of Vs derived
from these measurements are 25-30% greater than those measured at the same stress level
and OCR in the laboratory, leading to Gmax values 55%-70% greater than the resonant
column measurements. This difference can be ascribed primarily to differences in the age
of the specimens. Consideration of the increase in modulus associated with the age of the
deposit in the field yields a closer match between laboratory and field results, although it
is found that values of the aging parameter (NG) derived from laboratory measurements
conducted following extended aging overpredict the increase in stiffness associated with
geologic aging times.

1

CHAPTER 1: INTRODUCTION

1.1. Problem statement
The term marl is used to designate gray colored, low organic, fine grained, carbonate rich
soils which are usually formed by deposition under lakes or other water bodies (IDOT
1999, INDOT 2010 and MDOT 2009). Marls are often characterized by the presence of
shells which contribute towards the high calcium carbonate. They have often been
classified as problem soils and being unsuitable for use as subgrade. Deposits of marl of
thickness 20’ are often seen at depths of 10-15’ below the ground surface. Such deposits
pose design issues regarding excessive settlement and stability. Design usually involves
installation of wick drains to speed up consolidation or preloading to improve the strength
of the soil. Despite the prevalence of marls in Indiana and issues associated with its
occurrence, its engineering properties are not well studied. As an illustration, the Indiana
Department of Transportation (INDOT) has a clause which restricts use of soils with
calcium carbonate contents higher than 3% for use as subgrade (Specification 207.03) and
7% calcium carbonate for use as embankment (Specification 203.09) (INDOT, 2012).
These specifications suggest a lack of understanding of the engineering behavior of soils
rich in calcium carbonate. This points towards the need of studying and better
understanding the engineering properties of marl.
The presence of the carbonatic fine grained soils are common in the Midwest region of the
US, as demonstrated by the particular interest paid to these soils by the Departments of
Transportations in Indiana, Illinois, Michigan and Ohio (INDOT 2010, IDOT 1999,
MDOT 2009 and ODOT 2010) as well as by other services and institutions in the United
States such as Cooper marl in South Carolina (Camp et al. 2002). They are also found in
many parts of the world such as Spain (Paaza et al, 1998, Lamas et al. 2002), Italy (Bozzano
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et al. 1999, Jamiolkowski et al. 1995), India (Datta et al. 1982) and Iran (Hajimohammadi
2010). The properties of the soils however vary from location to location and are influenced
by their depositional environment and their microstructure.
The Indiana DOT had interest in determining the properties of marl deposits through a
comprehensive series of field and laboratory tests. A site which had a marl deposit with
significant calcium carbonate content was chosen on the I-69 project in Daviess County,
Indiana. A couple of seismic cone penetration tests (sCPT) were performed at the site.
Figure 1.1 shows the shear wave velocities obtained from the sCPT tests performed at the
site. The shear wave velocities profile obtained from both the CPTs match well with each
other. The results seemed to indicate that the shear wave velocities of the marl deposit (5
to 11 m) were significantly lower than the layers above and below. Since the shear wave
velocity is a direct measure of the small-strain shear modulus of the medium, it was decided
to investigate further this issue in the laboratory. Also a better understanding of the effects
of the state of stress, aging and shearing could be obtained from the experimental program.
The laboratory testing program was based on the Resonant Column test.
The research presented in this thesis tries to characterize the stiffness of the marl deposit
through laboratory testing and is part of a broader ongoing project (SPR 3339) for the Joint
Transportation Research Program (JTRP) in collaboration with INDOT.

1.2 Research objectives and approach
The main objective of this research is to characterize the small strain shear stiffness of a
fine grained calcium carbonate rich soil called marl. This is achieved through an
experimental program on high quality marl samples collected from the field. The
experimental results are then compared with the sCPT results obtained at the site. Another
objective is to develop a map of the marl deposits that are found in Indiana. This is done
using a software based on the Geographic Information System (GIS), ArcGIS.
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Figure 1.1: Shear wave velocity profile from the sCPT performed at the site indicating
lower shear velocities for the marl deposit (El Howayek, 2014)

The shear modulus of the marl deposit is characterized in the laboratory through the use of
the Drnevich Resonant Column. The effects of confining stress, void ratio, aging and OCR
on the initial stiffness as well as stiffness degradation under undrained shear are studied.
The resonant column and sCPT tests are conducted under different conditions such as
aging, stresses and disturbance. An attempt is made to incorporate these factors in the
analysis while attempting the comparison between laboratory and field data.

1.3 Organization of the thesis
This thesis is composed of seven chapters discussing: (1) description of the problem
statement; (2) a brief literature review on shear modulus; (3) mapping of marl in Indiana;
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(4) site for field tests and soil description; (5) experimental program; (6) results and
analysis; and (7) summary, conclusions and future work. This section briefly discusses the
contents of each of the chapters included in the thesis.
Chapter 1 explains the problem statement and the motivation for the research presented in
the thesis. The research objective and the approach adopted are also briefly discussed to
give the reader information about the content of the following chapters.
Chapter 2 reviews the various factors influencing the shear modulus and the damping ratio
of soils. The chapter provides a background for the analysis of the results in chapter 6. It
also summarizes the effect of the presence of calcium carbonate on the properties of soils.
Chapter 3 deals with the mapping of marls in Indiana. The map is based on the database
made available by INDOT. The approach that is adopted in developing the map and a brief
description on how to operate the map is provided.
Chapter 4 discusses the site, testing and sampling procedures. It also includes the index
properties of the soils obtained from the laboratory.
Chapter 5 includes the experimental program and the apparatus used. The various
components of the Drnevich resonant column, the testing procedure and the testing
program are discussed.
Chapter 6 provides the results and analysis of the results. The initial shear stiffness and its
dependence on effective stress, void ratio, overconsolidation ratio and aging. The
degradation of the shear modulus during undrained shear for normally and
overconsolidated specimens are discussed. The results are compared with the field data,
and also with data from similar soils found in the literature.
Chapter 7 summarizes the research and provides conclusions based on the results. It also
includes recommendations for future work.
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CHAPTER 2: LITERATURE REVIEW

2.1 Introduction
Extensive research has been done on the dynamic properties of cohesive soils (Hardin and
Black, 1968; Sun et al., 1988; Vucetic and Dobry, 1991 to name a few). The research shows
that the small strain properties of fine-grained soils depend on a number of factors, which
are reviewed in the chapter, along with the major findings on the dynamic properties of
soils. Section 2.2 deals with the shear modulus and factors influencing the shear modulus
in a cohesive soil. Section 2.3 deals with the damping ratio and the factors influencing it.
The effect of calcium carbonate on the properties of a cohesive soil is reviewed briefly in
section 2.4.

2.2 Shear modulus
The small strain shear modulus of a soil is an important measure of the stiffness of the soil.
It provides information for the design of foundations, for the determination of earthquake
resistance and for soil dynamics problems. Bender elements (Shirley and Hampton 1978),
resonant column (Drnevich et al 1978), and torsional shear (Isenhower 1979) have been
widely used for shear modulus measurements. The resonant column is generally capable
of performing tests at strains in the range of 10-4% to 0.1 %. A comparison of where these
strains stand with respect to the other experimental methods is made in figure 2.1. The
strains that the resonant column can achieve depend on the confining stress applied, size
of the specimen and the power of the torsional amplifier of the apparatus. The range in
which the resonant column operates makes it possible to measure both the initial shear
modulus as well as the shear modulus degradation at higher strains for most of the soils.
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The degradation of the shear modulus of fine grained soils generally occurs in the range
between 10-3 to 1% strains. There are soils where the complete picture of degradation
cannot be captured in this strain range (Seed & Idris, 1970; Rodriguez, 1992). In such cases,
performing the shear at higher/lower stress states, changing the dimensions of the specimen
or modifying the torque amplification equipment should generally solve the problem.
Bender elements
Resonant column
Torsional shear (hollow samples)
Cyclic simple shear
Local measurements in triaxial tests
External measurements in triaxial tests

0.00001

0.0001

0.001
0.01
0.1
Shearing strain amplitude (%)

1

10

Figure 2.1: Ranges of reliable strain measurements for various laboratory measurement
procedures (Adapted from Woods, 1978; Gryczmanski, 2009)

The shear modulus of a soil can vary depending on the presence of cementation, void ratio,
depth at which the soil was found, mineralogy, depositional environment etc. The values
of shear modulus can vary by orders of magnitude. Figure 2.2, which is adopted from
Santagata (2009), represents the wide range of shear modulus that is found in clay
materials. The shear modulus ranges from 104 MPa for intact shales to 10-5 MPa for clay
suspensions. These values are obtained from field shear wave velocity measurements,
resonant column tests, bender elements, monotonic and cyclic triaxial tests, and oscillatory
rheological tests.
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1. Intact shales (Deere, 1968)

2. Cement treated clay (Kang, 2008)

3. Boston (Santagata and Kang, 2006; Landon et al., 2007)

4. Kaolin sediments (Chang et al., 2006)

5. Boston blue clay suspension (Dalmazzo, 2008)

6. Na-montmorillonite suspension (Santagata et al., 2008)

7. Vallericca (Rampello & Silvestri, 1993)

8. Bothekennar (Shibuya et al., 1997)

9. Org clays (Madshus & Kaynia, 2000; Almedia & Marques, 2002)

10. Dredged sediments (McDermott & Sills, 2000)

11. Na-montmorillonite suspensions (El Mohtar, 2008)

12. London (Hight et al., 2007)

13. Onsoy (Long & Lunne, 2003)

14. Mexico clay (Ovando-Shelley et al., 2007)

Figure 2.2: Gmax for different clay materials (Adapted from Santagata, 2009)

The shear modulus of a soils can be influenced by many factors. The most important factors
in sands are strain amplitude, effective stress and void ratio. For the case of a cohesive soil,
the degree of saturation, OCR as well as aging are also important (Hardin and Drnevich,
1972). There are other factors that influence stiffness of both fine and coarse grained soils,
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such as the microstructure and mineralogy as well as the temperature of the soil. The
influence of effective stress, void ratio, OCR, aging and strain amplitude on the shear
stiffness is discussed in this section.

2.2.1 Effect of effective stress
The shear modulus of a soil increases with the effective stress. Increasing stresses decreases
the void ratio which in turn increases the shear modulus of the soil. Due to the fact that it
is not possible to vary the void ratio and the effective stress discretely, separating the effect
of void ratio and effective stress is not straightforward for fine grained soils.
The effect of void ratios are taken into account by using void ratio functions which can
take various forms. To avoid the difficulty of deciding the void ratio function, it is common
to directly relate the shear stiffness to the effective stress. This also makes comparison of
Gmax between different soils with different void ratios straightforward. The shear modulus
can be reported in the form:
𝐺𝑚𝑎𝑥 = 𝐾 ∗ (𝑃𝑎 )1−𝑛 ∗ (𝜎𝑐′ )𝑛

(1)

Where 𝐺𝑚𝑎𝑥 is the initial shear modulus, K is a dimensionless scalar, 𝜎𝑐′ is the effective
isotropic stress and 𝑃𝑎 is the atmospheric pressure that is used to bring the equation into
dimensional equilibrium. The term effective confining stress and effective isotropic stress
can be used interchangeably in a resonant column test because the experiments are run
under isotropic confinement. The stress exponent n determines the level of influence of the
effective stress and has values that typically fall in the range of 0.6 - 1.2 (Weiler, 1988).
The scalar K and the exponent n vary between different clays. Table 2.1 provides a
compilation of the values of K and n found in the literature along with the plasticity index
of the soil. From Table 2.1 there appears to be a connection between the values of K and n
with plasticity. The value of K seems to decrease and the value of n seems to increase with
increasing plasticity. This is more evident when comparing between the AGS CH clay and
AGS CL clay; the same clay with different plasticity index. Figure 2.3 provides a plot of
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the variation of the shear modulus with confining stress for normally consolidated fine
grained soils. The parameters K and n for each soil plotted in Figure 2.3 is included in
Table 2.1 following the same labeling for the soils.

Shear Modulus, Gmax (MPa)

200

2
1
6
3

20

4
5

2

60

Effective confining stress, σ'c (kPa)

600

Figure 2.3: Effect of confining stress on shear modulus for various fine grained soils

Table 2.1: Summary of Gmax parameters for selected soils from the literature
No

Clay

PI

K

n

m

Reference

1

Gulf of Alaska

14-15

372.1

0.85

0.59

Weiler (1988)

2

AGS CL clay

16-22

436.3

0.84

0.27

Weiler (1988)

3

Boston Blue clay

19-23

248.2

0.86

0.60

Weiler (1988)

4

AGS CH clay

32-38

126.2

1.18

0.69

Weiler (1988)

5

Fucino clay

40-70

75.3

0.82

-

6

Lower 232nd st. 20-25

292.1

0.9

0.26

clay

Burghignoli and Pane (1995)
Zavoral (1990)
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2.2.2 Effect of void ratio
The fact that the stiffness of a soil increases with decreasing void ratio is intuitive. It is
easy to visualize the increase in stiffness when the particles come closer to each other, with
decreasing void ratio. However it is not evident how to separate the effect of void ratio
from the effect of confining stress. Inclusion of the effect of void ratio does however
become useful in cases where the soil deposit demonstrates a large variation in the in-situ
void ratio. The stiffness equation can be modified as follows:
𝐺𝑚𝑎𝑥 = 𝐾 ∗ 𝐹(𝑒) ∗ (𝑃𝑎 )1−𝑛 ∗ (𝜎𝑐′ )𝑛

(2)

The value of K and n are different than the earlier form shown in equation (1). The value
of the stress exponent n is generally 0.5-0.6, with 0.5 being the most common value found
in the literature (Hardin & Black, 1968; Marcuson & Wahls, 1978). The value of n equals
0.6 is used for soils with large void ratios. In such cases, the confining stresses play a more
important role than the void ratio. The variation of Gmax with void ratio for a given
confining stress is shown in Figure 2.4. The value of n for the curves in the figure is 0.5.
The void ratio functions corresponding to the curves in the figure is included in the list of
void ratio functions in Table 2.2. The numbers associated with each cure represent the

Shear Modulus, Gmax (MPa)

confining stress at which the effect of void ratio was studied.
40

Hardin & Black, 1968

σ'c = 20 kPa

30

50
100

20

Marcuson & Wahls, 1978
20
50
100

10
0
0.5

1.5

Void ratio

2.5

Figure 2.4: Variation of Gmax with void ratio at a constant confining stress. The number
next to each curve indicate the confining stress (n=0.5)
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The void ratio functions that are used in the literature can take different forms. The void
ratio that is best suited for a soil depends on the void ratios and the plasticity index. Table
2.2 summarizes some of the void ratio functions found in the literature. The most common
void ratio functions found are of the form (x-e)2/(1+e) and e-x, where e is the void ratio and
x is a positive number that depends on the type of soil and on the range of void ratios
encountered. The decision regarding the type of void ratio function to be used for a
particular soil is made based on curves similar to those in Figure 2.4. These type of curves
provides a hint for the type of void ratio function that best suits the particular type soil
under consideration.

Table 2.2: Void ratio functions found in the literature
No

Conditions

F(e)

1

e < 1.5

2

High PI

3

e > 1.5

(2.973 − 𝑒)2
(1 + 𝑒)
(4.4 − 𝑒)2
(1 + 𝑒)
(7.32 − 𝑒)2
(1 + 𝑒)

4

1.1 < x < 1.52

e-x

Reference
Hardin & Black (1968)
Marcuson & Wahls (1972)
Kokusho et al. (1982)
Jamiolkowski et al. (1995)

2.2.3 Effect of stress history
The stress history of a naturally deposited cohesive soil, given by the overconsolidation
ratio (OCR), affects the stiffness of the soil. The shear modulus of cohesive soils increases
with the OCR and is generally addressed by adding a term to equation (1) similar to the
effective stress term. The expression for the shear modulus can be written as:
𝐺𝑚𝑎𝑥 = 𝐾 ∗ (𝑃𝑎 )1−𝑛 ∗ (𝜎𝑐′ )𝑛 ∗ (𝑂𝐶𝑅)𝑚

(3)

Where m is the overconsolidation exponent. Table 2.1 lists the values of m along with K
and n for some fine grained soils, which have been obtained from literature. The values of
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m generally fall in the range of 0.2 to 0.7. A relationship between the plasticity of the soil
and the exponent m is not evident. However comparing the AGS CH and CL clays, the
higher plasticity clay has a higher value of m. Also there appears to be a direct trend
between the plasticity index and the OCR exponent m, when the equation for Gmax includes
the void ratio function (Zavoral, 1990).
The effect of OCR can be understood by comparing the ratio of increase in stiffness,
𝐺𝑚𝑎𝑥−𝑂𝐶 /𝐺𝑚𝑎𝑥−𝑁𝐶 to the OCR. 𝐺𝑚𝑎𝑥−𝑂𝐶 is the value of Gmax obtained for an
overconsolidated soil and 𝐺𝑚𝑎𝑥−𝑁𝐶 is the value of Gmax estimated for the soil at the same
confining stress under a normally consolidated state obtained from equation (1). Figure 2.5
summarizes the effect of OCR on the initial stiffness 𝐺𝑚𝑎𝑥 of a number of soil. The AGS
CL clay exhibits an m value of 0.27 and the AGS CH clay shows an m value of 0.69. This
indicates that the effect of overconsolidation is influenced by the plasticity of the soil.

Gmax-oc/Gmax-nc

3

AGS CL
AGS CH
Boston Blue Clay
1
1

OCR

10

Figure 2.5: Effect of OCR on the small strain shear modulus
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2.2.4 Effect of aging
The initial stiffness of a soil increases during primary consolidation and continues to do so
during secondary consolidation (creep). The secondary increase in the stiffness of the soil
has been studied in the literature, e.g., Anderson and Stokoe, 1978; Marcuson & Wahls,
1972; Kokusho et al., 1982. It seems that the increase of shear modulus with time is much
higher than what could be expected by the reduction of void ratio. A chemical effect, which
might stem from the restructuring of the soil, is thought to be the mechanism responsible
for this behavior. The secondary increase in the shear modulus is relatively small in sands,
but much higher for fine grained soils.
The secondary increase in the shear modulus of a soil appears to be linear with the
logarithm of time. Typically, the parameter NG is used to quantify creep effects. NG is
determined from the following equation.
𝑁𝐺 =

∆𝐺𝑚𝑎𝑥
𝐺𝑚𝑎𝑥 𝑙𝑜𝑔(𝑡⁄𝑡
)
𝑟𝑒𝑓

(4)

Where Gmax is the initial shear modulus at time = tref and ∆Gmax is the increase of the initial
shear modulus from Gmax at time = tref to time = t. Higher values of NG indicate higher
aging effects. The factors that influence NG are the particle size and the plasticity of the
soil. NG increases with decreasing particle size and with increasing plasticity index. Table
2.3 summarizes the values of NG for some clays.
Aging is generally the most important factor in the difference between the shear modulus
measured in the laboratory and from the field. If the age of the deposit is known, NG can
be used to estimate the shear modulus of soils in the field. However, it has to be mentioned
that the mechanisms responsible for the increase in stiffness of a soil at the time scale of
the laboratory may not be the same as that of the geological time scale. The laboratory
aging process carried over a few days may not necessarily provide a value of NG that
remains constant for timescales corresponding to the formation of the soil deposit in
question (Santagata & Kang, 2007). Thus using the value of N G to evaluate the age of a
deposit might not yield accurate results.

14
Table 2.3: NG data for some clays found in the literature (adapted from Santagata &
Kang, 2007)
Clay
Fucino silty clay
Detroit clay
Leda clay
Gulf of Mexico clay
SF bay mud
Teganuma clay
Boston blue clay

PI (%)
60
12-20
37-44
50-54
~40
-

NG (%)
7-11
10-20
10-44
20-40
8-22
16-22

Aging
(d)
7
7
7
4-7
7

Reference
Lo Presti et al. (1996)
Anderson & Woods (1976)
Anderson & Woods (1976)
Anderson & Woods (1976)
Anderson & Stokoe (1978)
Kokusho et al. (1982)

23

15-25

11

Santagata et al. (2005)

2.2.5 Effect of strain amplitude
The shear modulus of soils reduces with increasing strain as illustrated by a Figure 2.6.
The shear modulus is fairly constant (Gmax) for lower strain ranges. The shear modulus
degrades quickly after a certain level of shear strain is reached. The soil behavior becomes
nonlinear elasto-plastic beyond these strains and results in permanent deformations. The
shear degradation curve is characteristic for each soils and provides an insight into the soil
behavior. The shear degradation curves show more variation from one soil to another for
fine-grained soils than sands.

shear modulus

Gmax

Shear strain, γs

Figure 2.6: Typical shear modulus degradation curve
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Since the value of Gmax varies from one soil to another as well as with other factors such
as confining stress, void ratio, OCR, etc., it is common to normalize the shear modulus
with the initial shear modulus, Gmax. This enables comparison of the degradation curves of
soils under different conditions. The degradation curve of the normalized shear modulus is
a characteristic of the soil. The modulus degradation of sands shows very little variation
from one sand to another such that the curves fall within a narrow band. However, the
curves for cohesive soils show variability between various soils (Figure 2.7). The shear
modulus of most of clays decrease down to 0.85 Gmax when they reach strains in the range
of 0.01 to 0.05%, but there are exceptions; Mexico clay (Rodriguez, 1992) is one such
example. The slopes of the degradation curves can be different for different soils. This can
be seen in Figure 2.7, where curves 3 and 4 show similar degradation, but clay 3 has a

Normalized shear modulus, G/Gmax

steeper degradation than clay 4.

1
0.8
0.6
0.4

1

2

5

6

3
4

0.2
0
0.001

0.01
0.1
Shear strain, γs (%)

1. California clay (Seed and Idris, 1970)
3. Gulf of Mexico clay (Saada and Macky, 1985)
5. Fucino clay (Burghignoli and Pane 1995)

1

2. SF bay mud (Stokoe and Lodde, 1978)
4. Lower 232nd st. (Zavoral, 1990)
6. Mexico clay (Rodriguez, 1992)

Figure 2.7: Shear degradation of some clays, from the literature
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Clay mineralogy, which can be indirectly assessed by the plasticity index, plays an
important role on the stiffness degradation curves. Zen et al (1978) and Vucetic & Dobry
(1991), among others, studied the effect of plasticity on the stiffness degradation curves.
Cohesive soils with higher plasticity show a slower degradation of the shear modulus.
Figure 2.8 shows the shifting of the degradation curves towards the right (i.e. reduced
degradation) as the plasticity of the soil increases (Zen et al., 1978). The figure depicts the
degradation curves for soils with plasticity index 0, 9.4, 16.2, 25.1, 37.1 and 52.4 %. The

Normalized Shear Modulus, G/Gmax

effect of OCR on the degradation curves is generally small.

1
0.8
0.6

PI=0 to
52.4

0.4
0.2
0
0.0001

0.001

0.01

0.1

1

Shear strain, γs [%]

Figure 2.8: Stiffness degradation with plasticity (Zen et al., 1978)

2.3 Damping ratio
Damping exists in all dynamic systems. It results in a loss of energy and the decay in
amplitude under free vibration. Many dynamic systems have steady state vibrations and it
might not be easy to measure the amplitude decay to determine the damping of the
specimen. The loss of energy due to damping has to be compensated by an energy input
into the system for steady state condition. In case of the resonant column it is possible to
determine damping at steady state vibrations. The current applied to the vibration excitation
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device and the vibration transducer output at the resonant frequency can be used to
determine the damping ratio (refer to Chapter 5). The damping of a particular soil depends
primarily on the effective stress, void ratio, number of cycles of loading, and strain
amplitude (Hardin and Drnevich, 1972). The damping ratios obtained by researchers have
shown a decreasing trend over the decades (Seed & Idris, 1970; Kokusho et al., 1982). This
could be a reflection of the quality of the testing equipment. The amount of literature on
the damping ratio is limited compared to what is available on the shear modulus. This
section deals with the various factors that play a role in determining the damping ratio. The
effect of effective stress is dealt in section 2.3.1. The effect of shear strain on the damping
ratio is discussion in section 2.3.2. The effect of other factors such as the plasticity of the
soil is included in conjunction with the effects of confining stress and shear strain
amplitudes.

2.3.1 Effect of effective stress
Increasing confining stress results in either a decrease of damping ratio or no change at all
(Vucetic & Dobry, 1991). The trends from the research which does show the reduction in
damping, seems to suggest that the damping ratio decreases initially with the confining
stress and then remains fairly constant after a particular confining stress. Figure 2.8 shows
the variation of damping ratio with effective stress. The figure shows that the effect of
overconsolidation on damping is minimal (Kokusho et al., 1982). Research by Vucetic &
Dobry (1991) showed that the damping ratio is affected by the plasticity index of the soil.
They showed that the damping ratio decreased with increasing plasticity index.

2.3.2 Effect of strain amplitude
The damping ratio increases with shear strain. The trend shown by the damping ratio with
strain is similar to the inverted curves of shear degradation. Hardin & Drnevich (1972)
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suggested the following relationship between developing damping ratio and degrading
shear modulus:
8

Damping ratio, D (%)

Kokusho et al. (1982)
Zavoral (1990)

6

4

2

0
10

100
Confining stress, σ'c (kPa)

Figure 2.8: Variation of damping ratio with confining stress

𝐷 = 𝐷𝑚𝑎𝑥 (1 − 𝐺⁄𝐺

𝑚𝑎𝑥

)

(5)

Where D and G are the damping ratio and shear modulus at a given shear strain, Dmax is
the maximum damping ratio at large strains and Gmax is the initial shear modulus. Figure
2.9 shows the damping curve for varying shear strain for soils found in the literature. The
values of damping and its rate of increase depend on soil properties, as well as on the
quality of instrumentation. Since the damping ratio decreases with increasing plasticity
index, the damping ratio-strain curves shifts to a lower position with increasing plasticity
(Vucetic & Dobry; 1991)
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Vucetic & Dobry (1991)

Damping ratio, D (%)

16

Darandeli (2001)
Rodriguez (1992)

12
8
4
0
0.0001

0.001

0.01
Shear strain, γs (%)

0.1

1

Figure 2.9: Relationship between damping ratio and shear strain

2.4 Calcareous fine-grained soils
Since the research in the thesis involves soils with significant calcium carbonate content,
it may prove useful to review the effects of calcium carbonate in the soil. The classification
of fine grained soils based on calcium carbonate content is briefly outlined in section 2.4.1.
A brief summary on how the calcium carbonate content affects the index properties and
the stiffness of soil deposits is provided in sections 2.4.2 and 2.4.3, respectively.

2.4.1 Classification of marls based on calcium carbonate content
As discussed in chapter 1, marls are fine grained soils with significant calcium carbonate
content. The Indiana Department of Transportation (INDOT) classifies fine grained soils
into five groups based on the calcium carbonate content (INDOT, 2010). The classification
system keeps intact the USCS (Unified Soil Classification System) or AASHTO
(American Association of State Highway and Transportation Officials) classification of the
soil. Table 2.4 summarizes the five categories.
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Table 2.4: Classification of marls based on calcium carbonate content
Classification

Calcium Carbonate Content (%)

Soil* with trace marl

1% < %CaCO3 < 9%

Soil* with little marl

10% < %CaCO3 < 17%

Soil* with some marl

18% < %CaCO3 < 25%

Marly soil*

26% < %CaCO3 < 40%

Marl

%CaCO3 > 40%

* To be replaced by the classification of the soil based on the USCS/AASHTO classification

The term ‘soil’ in Table 2.4 is to be replaced by the classification of the soil obtained using
USCS or AASHTO. For example, if a soil is classified as A-7-5 by AASHTO and the
calcium carbonate content was in the range of 18-25%, then the soil would be denoted as
A-7-5 with some marl. This classification is used in the mapping of marls throughout
Indiana, which is discussed in Chapter 3.

2.4.2 Effect of CaCO3 on soil properties
The presence of calcium carbonate in a fine grained soil can influence properties such as
the Atterberg limits. The effect of calcium carbonate depends on the manner in which
calcium carbonate exists in the soil. Lamas et al. (2002), from their study on carbonate
marls in Spain, found that the liquid limit and plastic limit of the soil decreased with the
increase in calcium carbonate content, as shown in Figure 2.10. They also found that the
effective cohesion of the soil decreased and the permeability of the soil increased with
increasing calcium carbonate content.
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Figure 2.10: Variation of liquid and plastic limits with calcium CaCO3 content (Lamas et
al., 2002)

However the trend depicted in Figure 2.10 is not observed in all calcareous fine grained
soils. Bozzano et al. (1999) could not find a statistically significant relationship between
the liquid limit and the calcium carbonate content. However, when a particular soil
specimen was decalcified, the liquid limit progressively decreased (Figure 2.11). Also the
position of the specimen on the plasticity chart moved towards a higher plasticity along the
A-line. The increase in liquid limit during decalcification was also observed by Hawkins
& McDonald (1991). However, decalcification of soil can change its particle size
distribution. The change in particle size distribution could contribute to the change in the
liquid limit results. Thus the presence of calcium carbonate in the soil in itself need not be
the cause for the change in the limits of the soil. The presence of calcium carbonate may
or may not influence the index properties. Knowing the microstructure of the soil to
understand how the presence of calcium carbonate influences the structuring of the soil
becomes important.
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Figure 2.11: Variation of liquid limit of a soil specimen during decalcification.

2.4.3 Effect of CaCO3 on shear modulus
Camp, 2004; Ng et al., 1995; Burghignoli & Pane, 1995; Hajimohammadi, 2010, among
others have investigated the stiffness of calcareous fine-grained soils. Burghignoli & Pane
(1995) in their small strain stiffness study of Fucino clay suggested that there is a relation
between Gmax and the calcium carbonate content of the deposit. Figure 2.12 shows the
calcium carbonate content with depth and the Gmax obtained from resonant column tests.
The profile of Gmax closely resembled the profile of the calcium carbonate content of the
deposit. They noted ‘a sharp increase’ in the resonant column Gmax values below a depth
of 20 m, where the calcium carbonate content increased. The data suggest that the calcium
carbonate content results in cementation of the soil thereby increasing the stiffness of the
deposit.
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Figure 2.12: The a) calcium carbonate and b) Shear modulus profiles of the Fucino
deposit (Burghignoli & Pane, 1995)

It is important to note that the values of Gmax found in-situ and using resonant column tests
in the laboratory show a very close match. In fact the values obtained from the laboratory
were slightly higher from the field. It is not clear if they were corrected for the effect of
aging. The reason for the close match was attributed to a high quality sampling and
specimen preparation and to the existence of cementation by the calcium carbonate.
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CHAPTER 3: MAPPING OF MARL IN INDIANA

3.1 Introduction
As discussed in Chapter 1, marl is found in many locations in Indiana. Although the
presence of marl deposits in Indiana is fairly widespread, the soil maps of Indiana rarely
provide any information about marls. Also, having an understanding of the occurrence of
such deposits could prove to be very useful because the possibility of encountering marl
deposits while performing a future project can be considered. This Chapter presents the
mapping of the marl deposits in Indiana based on archived INDOT projects.
From the database of previous projects, locations where marl deposits are found are
identified. The boreholes where marl was identified are represented on a map as points
with latitude and longitude coordinates. The symbols are used in such a manner that the
location can be filtered based on the calcium carbonate content of the soil, depth of the
deposit and the data that is known about the soil deposit.
The map was created on ArcGIS 10.0, developed by esri, which is a Geographic
Information System (GIS). GIS can be used to view, understand and visualize data which
can reveal trends and patterns associated with it. The coordinate system that is used for this
map is World Geodetic System 1984 (WGS 84). The WGS 84 represents the National
Imagery and Mapping Agency’s (NIMA) best geodetic model of the earth. The coordinate
origin of WGS 84, which is the earth’s center of mass, is modeled with an error less than
2 cm (NIMA, 2000).
In addition to this Introduction, the Chapter has two more sections. Section 3.2 discusses
the approach and the details regarding the data that is represented in the marl map. Section
3.3 provides an overview of the map and how to operate the map in ArcGIS.
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3.2 Approach
The approach followed in creating the map is discussed in this section. The data that was
used in mapping was obtained from the data of various projects that were performed by
INDOT. The data were then classified into soils of various categories based on the
classification system explained in section 2.4.1 and also on the availability of quantitative
data. The map is then populated with the data in such a manner that soils falling into a
particular category and depth can be easy to locate and visualize. Also the data associated
with each data point can also be viewed as a pop-up window.

3.2.1 Data collection
The database used for the mapping of marl was provided by INDOT. It consisted of
borehole data for previous projects undertaken by INDOT. The database, which consisted
of data from more than five thousand boreholes, was mined to identify the boreholes where
marl was found. In total 325 boreholes were identified to contain marl. The latitude and
longitude of the boreholes were used for locating them on arcGIS. The data associated with
each borehole is discussed in the next section.
The data that were obtained included the I-69 project as well as a number of other projects.
The boreholes data associated with the I-69 project contained more information especially
regarding the location data. From other projects, a number of boreholes did not have the
location data required for mapping. In these cases the DES numbers of the boreholes were
used to approximate their location. This was done as follows: The mile marker and location
description were obtained from the SPMS feature class of INDOT; an arcGIS map, with
the mile marker information for roadways in Indiana, provided an approximate location of
the project; with the approximate location known, the start and end points of the project
were identified using the location description. Some of the projects extended over a large
area, which made the identification of the exact location of the borehole uncertain. For such
cases, the midpoint of the project location was used as the location of all the boreholes
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associated with the project and a comment was placed in the borehole data (comments
associated with each borehole are explained later).
The boreholes where marl was encountered are separated into six classes; the first five: soil
with trace marl, little marl, some marl, marly soil and marl, depending on the content of
carbonate present in the soil. The sixth class consists of soils where marl was identified
without providing any qualitative or quantitative information as to which classification they
fit into. The first five classes are further divided into two, depending on whether laboratory
testing data was present or not. The class with laboratory data on calcium carbonate content
has been named as ‘quantitative’. In summary, there are a total of eleven groups: marl
quantitative, marl qualitative, marly soil quantitative, marly soil qualitative, some marl
quantitative, some marl qualitative, little marl quantitative, little marl qualitative, trace marl
quantitative, trace marl qualitative and marl visual classification. For example, ‘marly soil
quantitative’ is the group of data for which the soil, from the corresponding borehole, has
been tested and determined to have calcium carbonate content between 26% and 40%. This
groups of data named ‘qualitative’ correspond to those boreholes that provide a marl
classification without laboratory tests.

3.2.2 Data input
Each group is represented in the map as a separate layer. The data corresponding to each
layer is saved as a Comma Separated Value (CSV) file. These files are then input into the
map to form layers. A layer containing the boundary of the state of Indiana and the counties
is also added to the map. The sections ‘File assignments to layers’ and ‘Adding or editing
data to the map’ provide details on how to save the files and how to make edits to the data
for each layer.
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3.2.2.1 Data associated with each borehole
Each point on the map represents a borehole where marl has been identified. Each borehole
has information associated with it. The data associated with each borehole is discussed
below using the Figure 3.1 as an illustrated example:
1. DES_Number: INDOT DES Number of the project.
2. Project_Description: Provides a brief description about the project (e.g.: HMA
Overlay (Functional) on SR 120).
3. BoreHole_Number: the borehole number that is selected.
4. Latitude & Longitude: in decimal degrees.
5. Marl_layer1_top_ft: Provides the depth (in feet) of the top of the first marl layer
encountered in the borehole.
6. Marl_layer1_bottom_ft: Provides the depth (in feet) of the bottom of the first marl
layer encountered in the borehole in feet.
7. Marl_layer2_top_ft: Provides the depth (in feet) of the top of the second marl layer
encountered in the borehole (if any).
8. Marl_layer2_bottom_ft: Provides the depth (in feet) of the bottom of the second
marl layer encountered in the borehole (if any).
9. Percentage_of_marl_Depth_ft_bracket: Provides the percentage of calcium
carbonate content as determined from laboratory tests with the depth (in feet) of the
tested layer in parenthesis. e.g. 68.8(10), 57.84(14.5) indicates that 68.8% and
57.84% calcium carbonate were obtained at depths of 10 and 14.5 ft respectively.
This piece of information exists only for the layers with quantitative results.
10. Classification: Classifies the soil based on the marl content. In some cases soils are
reported with a range in the classification; e.g. little to some marl indicates the marl
content could lie anywhere between 10% and 25%.
11. Comment: Additional comments, if any.
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Additional comments encompass the following scenarios:
1. The exact location of the borehole is unknown. In such case the midpoint of the
project is used for representing the point shown on the map. The comment would
indicate the start and end of the project.
2. The soil is classified visually. In such case the classification of marl is not known.
3. The marl encountered in the borehole exists as seams and thus the thickness of the
marl layer is not significant.

Figure 3.1: Data associated with each borehole
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3.2.3 Symbols
The symbols representing each borehole are selected in such a manner that the
classification of the soil, the depth encountered and presence of laboratory results can be
identified. The symbols used in the map are used to identify:
1. Whether a particular point has laboratory data or not. The points with quantitative
data are represented by circles and the points with qualitative data by triangles. The
locations, for which the classification is unknown, i.e. given by visual
classification, are denoted by square symbols.
2. The classification of the soil based on the marl content. The variation in the marl
content is distinguished by the size of the symbol and color. Larger symbols are
used to represent higher marl content. The colors used to represent the various
groups are: Red for marl, yellow for marly soil, green for some marl, blue for little
marl and gray for trace marl.
3. The depth where marl has been identified. Each layer is divided into three groups
based on the initial depth where marl was found: 0 – 10 ft, 10 – 30 ft and >30 ft.
Depth is indicated in the map by color intensity. A darker color indicates that marl
is found at shallower depth.
Figure 3.2 represents the various symbols adopted, providing information about the
presence of laboratory data, classification of marl and the depth where marl is encountered.
The eleven groups are distinguished by the color, shape and size of the symbol whereas the
depth of the marl deposit is captured by the shade of the color.

3.3 The marl map of Indiana
3.3.1 Overview
Figure 3.3 shows the map of Indiana with all the data points being represented. Each of the
eleven groups discussed in Section 3.2.1 are represented as a layer and can be accessed
under ‘Table Of Contents’. The data points belonging to a particular layer can be made
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visible by checking the box next to the corresponding layer. Each data point on the map is
associated with a set of information displayed by clicking on the corresponding point. Since
the database from the I-69 project was more comprehensive, the data points are
concentrated in this particular stretch. The rest of the locations are scattered with the
majority located in the northern parts of Indiana. The bulk of the boreholes with marl
(Calcium carbonate content > 40%) were located on the I-69 as well. It is from one of the
sites on this stretch that the field testing and soil sampling was performed for this research,
as will be discussed in Chapter 4.

Figure 3.2: Symbols associated with each layer

3.3.2 Using the map
A brief overview on how to operate the marl map is provided for those who are not familiar
with the ArcGIS software.

Figure 3.3: A sample view of the location of marl deposits using ArcMap
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3.3.2.1 File assignment to layers
This section discusses the procedure of inputting and assigning the data to layers in the GIS
system. This information becomes important when any addition or modification is required
on the existing data. While saving the files and the map, the following steps need to be
performed to ensure that the files are assigned to the right layer:
1. The data that is used to generate the map is in comma-separated value (CSV)
format, which can be opened with Excel. There are eleven such files in total; any
modification to the data must be performed on the corresponding CSV file. These
files must be then saved in the folder C:\TEMP\ArcGIS\CSV Inputs.
2. Save the map “Marl location in Indiana.mxd” in the folder C:\TEMP\ArcGIS\Marl
map.
3. Open the map using ArcGIS Map 10.
4. The layers are listed in the table of contents on the left pane as shown in figure 3.4.
Double click on one of the layers (e.g. top layer highlighted in blue in figure 3.4)
to open the Layer Properties. Go to Layer Properties\Source\Set Data Source and
select the corresponding CSV file for the layer. Repeat the procedure for other
layers, as needed. This step is done to ensure whether the right file is assigned to
each layer.

3.3.2.2 Operating the map
Some of the important actions that might be required to operate the marl map are listed
below:
1. To view the location of soils with a particular classification, check the box adjacent
to the description to be displayed. Multiple boxes may be checked. An unchecked
box means that this information is not displayed.
2. To view the data associated with a particular point on the map, select the
(Identify) icon on the top toolbar. Direct the pointer to the desired point and click
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on it. A popup window with the data associated with the point selected emerges, as
shown in figure 3.5.
3. To add a new layer to the map, click on the

(Add Data) icon on the top toolbar

and select the layer from the popup. This could be useful if, for example, a layer
representing the roads of Indiana is to be added to the map.
4. To modify the symbols of a layer, double click on the layer name in the ‘Table Of
Contents’ to open the ‘Layer Properties’. Go to Layer Properties\ Symbology\
Quantities\ Graduated Colors to display the following popup screen. Double click
on the symbol in the ‘symbol’ list to open a ‘Symbol Selector’ screen. Select the
required shape, color and size of symbol. Figure 3.6 shows the ‘Layer Properties’
and the ‘Symbol Selector’ screens.
5. For more help regarding the operation of arcGIS use the help menu on the toolbar.

3.3.2.3 Adding or editing data to the map
In case where new data have to be added or when existing data need to modified to include
new information, the following must be done:
1. Open the CSV file associated with the corresponding layer.
2. Add points or make changes as required to the CSV file following the same format
as the other data points. Save and close the file.
3. Toggle off the layer in the map and then toggle it on again to refresh the map. The
edits made should now be included in the map.
4. If the layer doesn’t get updated, remove the corresponding layer and add the CSV

file using the

(Add Data) icon. Right click on the file, in the ‘Table Of Contents’,

and click ‘Add XY data’. Click ‘OK’ to create a new layer.

Figure 3.4: Setting the data source for each layer
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Figure 3.5: Points of the layer ‘marl quantitative’ are displayed. The information related to the circled borehole is displayed on the
popup screen on the right. Two boreholes are listed in the top pane (circled) indicating that two boreholes overlap each other.
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Figure 3.6: Modifying the symbols of a layer
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CHAPTER 4: SITE AND SOIL DESCRIPTION

4.1 Introduction
A site where marl was encountered was chosen on the I-69 project. The choice was based
on the ease of accessibility, the presence of marl deposit at shallow depths, and the
percentage of calcium carbonate present in the soil. Field testing such as CPT and field
vane were performed to obtain the engineering properties of the layer. A brief description
of the site, sampling and field testing performed is provided in section 4.2. High quality
tube samples were collected from the site to run laboratory testing on the soil. Properties
such as the Atterberg limits, specific gravity, particle size distribution and calcium
carbonate content were determined from the collected soils. The soils from the marl deposit
were not homogenous as was initially anticipated, but were composed of three types of
soils: M, C and T. A brief description of the properties of the soil deposit is provided in
section 4.3 taking into account the types of soils.

4.2 Site and sampling
4.2.1 Site location and stratigraphy
A site on the I-69 project was chosen for performing field tests and sampling. The site was
located in the Daviess County, which is in the southwestern part of Indiana (Figure 4.1).
The site was close to a small creek and accessible through two County roads in Madison,
Daviess County. The site had a marl deposit about 6 m (20’) thick, with 3.5 m (12’) with
calcium carbonate contents higher than 40%. The marl deposit was about 5 m (16.5’) below
the ground surface. At the time of the field testing and sampling process, the water table
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was high and about 1.5 m (5’) from the ground surface. The stratigraphy of the site consists
of the marl deposit sandwiched between layers of clay and sand as seen in Figure 4.2. The
stratigraphy is of is obtained from boreholes at a nearby location (INDOT, 2010).

Figure 4.1: Site location, Madison, Daviess County, Indiana (El Howayek, 2014)

The site sits on the plains of First Creek which is a tributary of the West fork of the White
river. The West fork of the White river runs mostly in the north to south direction and is a
part of the Mississippi river system. The lacustrine plains along the West fork of the White
river has a descent of about 50 m (165’) in about 176 km (180 miles) or a slope of 1 in
3520. The site is located in an area that was subjected to Illinoian glaciations (0.3 to 0.13
Mya). The Illinoian glaciations resulted in marginal lakes due to the damming effect
created by the ice. The materials in the lacustrine plains are characterized by calcareous
silts and clays and have a certain degree of stratification. The White river carried meltwater from the Wisconsin glaciations (85 to 11 kya) depositing over or at times replacing
the Illinoian deposits (Thornbury, 1950). Thus the lacustrine deposits in its plains could
correspond to the melt-water of the Wisconsin glaciations. The depths of the valley-fills in
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Daviess County have been found to be in the range of 35 to 40 m (115 to 130’) above the
bedrock (Logan, 1931). Determining the age of the marl deposit would provide more
information regarding the origins of the deposit.

Figure 4.2: Stratigraphy of the site (INDOT, 2010)

4.2.2 Sampling and field tests
The field testing (CPT and FV) and sampling (undisturbed samples taken from mud rotary
drilling and hollow stem auger) were performed by El Howayek (2014) in collaboration
with INDOT. Field testing and sampling were performed at close proximity to each other
to make the field and laboratory results comparison meaningful. The site had dimensions
9 x 7 m2 (30 x 23 ft2) as shown in Figure 4.3. The small size of the site helped reduce the
spatial variability of the materials. The focus of the research was to understand the
properties of the layer of marl and to characterize it. Soil samples were collected from the
site using mud rotary and hollow stem auger drilling. Out of the several CPTs that were
performed, the CPT#4 and CPT#5 are more relevant to this research because this is where
the shear velocity was measured. The drilling required for sampling was done using mud
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rotary (MR) at four locations and hollow stem auger (HSA) at one location. The soil
samples were collected using Shelby tubes of 0.6m (2’) length each from the depths of 5
to 11.6 m (16’ to 40’). All the resonant column tests performed in this research were
performed on the samples obtained from borings drilled using the mud rotary method. The
focus of the testing was on the depths from 6.7 to 10.4 m (22 to 34 feet), where the calcium
carbonate was the highest. The soil samples were stored in a humid room at a constant
temperature of 10˚C (50˚F) and 100% humidity, to ensure that the soil did not loose water.

Figure 4.3: Field test and sampling locations (El Howayek, 2014)

The shear wave velocity profile from the seismic CPTs, CPT#4 and CPT#5 is shown in
Figure 4.4. As discussed in Chapter 1, the shear wave velocity profile seems to indicate
that the marl deposit is weaker than the layers above and below it. The shear wave
velocities of the marl deposit were in the range of 100 to 170 m/s. The velocities of the
layers above and below the marl deposit were larger than 200 m/s. The shear wave velocity
is of particular importance to this research due to the direct connection with the small-strain
shear modulus of the soil since it can be determined from the shear wave velocity using the
relation, 𝐺𝑚𝑎𝑥 = 𝜌 𝑉𝑠2 ; where 𝐺𝑚𝑎𝑥 is the small-strain shear modulus, 𝜌 is the density of
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the soil and Vs is the shear wave velocity. Further discussion about the shear wave velocity
and the comparison of the results from the laboratory and the field is made in Chapter 6.
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Figure 4.4: Shear wave velocity profile from the sCPT performed at the site (El
Howayek, 2014)

4.3 Soil properties
The collected soil samples were tested in the laboratory to obtain their engineering
properties. Incremental loading (IL) and Constant rate of strain (CRS) consolidation tests
as well a Triaxial tests were performed by El Howayek (2014) while the Resonant column
tests were done as part of this research. Simultaneously, index properties were performed
on the soil specimens tested as well as on disturbed samples. Section 4.3.1 describes the
different types of soils encountered based on their properties and section 4.3.2 describes
the various index tests performed on the soils.
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4.3.1 Classification of soils at the site
The marl deposit was not a homogenous layer as initially expected. It consists of layers of
soils of varying properties. The soils are classified into two main soil types: M and C. Soil
M has the highest calcium carbonate content and has shells in its matrix. Soil C has lower
calcium carbonate content, more clayey than soil M and has fewer shells. The transitional
soil which are found at the top and bottom extremities of the marl deposit is labelled as soil
T and has the lowest calcium carbonate. A more detailed description of the soils is
presented in the next section. Soil C was found in thin layers of a few inches thick but
occasionally they could be less than 1 inch (2.5 cm). Soil M forms the majority of the marl
deposit.
The main focus of this research is to characterize the stiffness of soils M and C. A special
effort has been made to run tests on specimens that contain only one type of soil.

4.3.2 Index properties
The basic index properties of the soils are discussed in this section. These tests are done at
the depths where consolidation and triaxial tests were performed. Properties such as
organic content, calcium carbonate content, void ratio, unit weight, Atterberg limits and
particle size distribution are discussed in this section. Results from El Howayek (2014) are
also included to provide a more comprehensive database.

4.3.2.1 Organic and calcium carbonate contents
The organic and calcium carbonate contents were determined using the sequential loss on
ignition test (Jung et al., 2011). The first stage of the test, the loss on ignition (LOI),
involves heating the soil sample at 455oC and yields the organic content of the soil. The
second stage consists of heating the soil to 800o and provides the calcium carbonate content
of the soil. Jung et al. (2011) showed a good correlation between the calcium carbonate
contents determined from the sequential LOI and thermogravimetric analysis (TGA) which
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is a standard chemical method of calcium carbonate determination. The organic content of
the soil is low in all the soils tested. The organic content generally falls below 4% (Figure
4.5a). The LOI test did not provide any correlation between the type of soil (M, C or T)
and its organic content. The LOI test tends to overestimate the organic content and so the
low values obtained did not warrant further testing to refine the organic content.
The calcium carbonate content was the basis to distinguish between the three types of soil.
Soils C and T have a calcium carbonate content less than 45% while the calcium carbonate
content of the soil M is in the range of 50-65%. The presence of shells in the soil M matrix
could be a contributor towards the higher calcium carbonate content. There was also a
difference in color of the soils after heating at 800oC. The soil C turned more reddish than
the soil C which turned lighter gray.
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Figure 4.5: a) Organic content and b) Calcium carbonate content for the marl deposit
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4.3.2.2 Specific gravity, void ratio and unit weight
The specific gravity of the soils was determined using a pycnometer (ASTM D854-10).
The void ratio, the unit weight and the degree of saturation were determined from the
dimensions of the specimen as well as from the phase relations. The specific gravity of soil
C is in general higher than of soils M and T. The specific gravity of the Soil C was always
higher than 2.75 and the soils M and T, lower (Figure 4.6a). However the differences were
not very large, with values for all soils within what is reported in the literature for fine
grained soils (Germaine and Germaine, 2009). The void ratio of the Soil C was lower than
that of the Soil M (figure 4.6b). As expected, due to an increase of confinement, the void
ratios of the Soil M decrease with depth; this trend may not be observed for the Soil C due
to the small number of data points.
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Figure 4.6: a) Specific gravity and b) void ratio profiles for the marl deposit
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Figure 4.7 provides a summary of the unit weights and the degree of saturation obtained
for the marl deposit. The unit weights are higher for soil C compared to soil M. The unit
weights of the soil C were generally higher than 16.5 kN/m3 while the soil M had lower
values. The degree of saturation of all the soils was generally higher than 96%, which is
expected because the layer of marl was located below the water table.
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Figure 4.7: a) Moist unit weight and b) Degree of saturation profile for the marl deposit

4.3.2.3 Atterberg limits and particle size distribution
The soil C had a water content lower than the soil M. This is in agreement with the
observation of a lower void ration for soil C than for soil M and saturation. The liquid
limits and plastic limits were obtained following ASTM D4318-10. Figure 4.8 shows the
water content, liquid and plastic limit profiles for the marl deposit. The water contents are
shown as data points and the Atterberg limits are represented by lines. The left end of the
line represents the plastic limit and the right, the liquid limit. Soil M has higher water
contents, and Atterberg limits compared with soil C.
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Figure 4.8: Water content, plastic and liquid limit profiles of the marl deposit

The general trend is that the Atterberg limits of the soil C are lower than those of the soils
M and T, as shown in Figure 4.8. The limits seem to increase with increasing the calcium
carbonate content (Figure 4.9). This trend is very different from what was reported by
Lamas et al. (2002). It should be noted that the comparison is between two different soil
rather than just between the same soil with different calcium carbonate contents. Also, the
scatter that is seen in the tests is high, and so a concrete statement cannot be made given
the data shown in the figure.
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Figure 4.9: Variation of limits with calcium carbonate content and comparison with
Lamas et al. (2002).

Figure 4.10 plots the plasticity index with the liquid limits of the soils on the plasticity
chart (Casagrande, 1948). The soil M generally fall below the A-Line and the soil C fall
above. The plasticity index and the liquid limits of the soil M place it in the region of MH
(silty soil with high plasticity). The soil C falls in the region of CL in the plasticity chart
and the soil T falls on top of the A-line.
Figure 4.11 shows the particle size distribution for the three soils. All the soils are mostly
silts. Even though there is a scatter in the particle size distribution, it is possible to
distinguish the soils M from the soils C. The soils M generally have a clay content, of about
10 - 20 %, that is lower than the soil C, with clay content in the range of 25 – 35 %. The
soil T have a particle size distribution similar to that of the soil M and so the two soils
could not be distinguished from each other only based on particle size. The sand fraction
of the soils is generally low (< 5 %) and consists of shells and root particles found in the
soil matrix.
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4.3.2.4 Summary of properties
A summary of the index properties of soils M, C and T is provided in the table 4.1. In
general, soils C and M show differences in most of the properties studied in this chapter.
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The soil T is similar to soil M, with the main difference being the lower calcium carbonate
content of the T soil. The soil M has more shells in its matrix compared to soil C and thus
could be contributing to a higher calcium carbonate content. The soil M has lower clay
fraction, higher water content, higher void ratio, lower specific gravity and lower unit
weights compared to soil C. The Atterberg limits show differences between the soils C and
M. However the effect of calcium carbonate on the limits seem to be different from what
others have reported, (e.g. Lamas et al., 2002) and is worth studying further. An
investigation into the soil mineralogy and microstructure could provide a better
understanding and characterization of the differences between the soils.

Table 4.1 Summary of properties of soils M, C and T

Organic content (%)
CaCO3 content (%)
Specific gravity
Void ratio

soil M
2–4
48 – 65
2.68 – 2.74
1.4 – 1.9

soil C
1.5 – 3
34 – 42
2.76 – 2.80
1.1 – 1.5

soil T
2.5 – 8.5
17 – 39
2.68 – 2.72
1.1 – 1.5

Unit weight (kN/m3)
Water content (%)
Plastic limit (%)
Liquid limit (%)
Clay Fraction (%)

15.5 – 16.7
50 – 69
29 – 41
62 – 79
10 – 22

16.8 – 17.9
36 – 52
19 – 26
40 – 54
22 – 35

16 – 18
41 – 55
27 – 35
54 – 70
15 – 21
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CHAPTER 5: EXPERIMENTAL PROGRAM
5.1 Introduction
In this research, the laboratory determination of small strain stiffness of the marl deposits
was performed using the Drnevich Resonant Column Apparatus (Drnevich et al., 1978;
ASTM D4015-07), in the Bechtel Geotechnical Laboratory at Purdue University. The
Drnevich resonant column is capable of measuring the shear modulus and damping ratios
at shear strains in the 10-4% to 0.5% range. This chapter provides a brief description of the
apparatus, the testing procedures and the experimental program. An overview of the
mechanical and electrical components of the Drnevich resonant column apparatus is
offered in section 5.2, while section 5.3 provides a brief outline of the testing procedures.
Finally, the experimental program charting the various tests that were performed on the
different soils in the marl deposit is described in section 5.4.

5.2 Drnevich Resonant Column apparatus
The method consists of applying a sinusoidal torque to a cylindrical specimen generating
shear waves in the specimen. The shear waves travel through the specimen and are reflected
back. The frequency of the applied torque is adjusted such that the velocity of the waves at
the top is 180 out of phase with the applied torque. This frequency is referred to as resonant
frequency. The shear modulus can be determined from the resonant frequency, the
specimen size and the inertia of the system. The shear strain is determined from the
amplitude of the vibration at the top and the specimen length. The damping ratio is
calculated from the amplitude of vibration and the excitation voltage input at the resonant
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frequency. The equations for determining the shear modulus, shear strain and damping
ratio are provided in appendix A. In the Drnevich resonant column apparatus, the specimen
is fixed at the base and free at the top. The top of the specimen is attached to the platen
which can apply torsional load through means of magnetic field. The shear strain of the
specimen can be adjusted through the amplitude of the applied torsional load. The
displacement at the top of the specimen is measured by the means of an accelerometer. The
apparatus is bolted firmly onto a thick concrete base which stands almost a meter from the
floor. This ensures that the bottom of the specimen is fixed and free from ambient
vibrations.
The Drnevich resonant column apparatus consists of two main components: the mechanical
and electrical systems. The mechanical system controls the pressure changes and applies
the torsional shear on the specimen. The electrical system controls the frequency and
amplitude of the torque applied and monitors the signal from all the sensors (reading the
torque motor input and the accelerometer output voltages), plus the pressure transducers
used to measure cell and pore pressure and the LVDT for measuring the axial deformation
of the specimen).

Note that in the current setup volume changes associated with

consolidation are manually measured taking readings on the burette system. This brief
review is based on the user manual of the Drnevich resonant column apparatus (Drnevich,
1988).

5.2.1 Mechanical system
The mechanical system consists of the loading system, the confining chamber and the
pressure-volume change system. The loading system consists of a frame, the drive
mechanism, the torsional accelerometer and the height change measurement. The frame
supports the drive mechanism and the top platen. The top platen which has four permanent
magnets is free to rotate under the magnetic field. The drive mechanism which consists of
four drive coils encloses the permanent magnets of the platen and controls the amplitude
of torsional load. The top platen encloses the top cap which is connected to the specimen
and allows drainage from the top of the specimen. Additionally the top platen is suspended
by a counterbalancing spring to remove any axial load, thus maintaining isotropic loading
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of the soil specimens. The base of the resonant column is equipped with a 500 psi (3450
kPa) pressure transducer, which is connected to the base of the specimen to measure the
pore pressure in the specimen. Also the base is connected to the pressure-volume change
system.
The loading system also houses the torsional accelerometer and the height change
measuring system. A calibrated accelerometer which is fixed to the top platen to measure
the rotation of the top of the specimen and thus determine the resonant frequency of the
specimen. The height change of the specimen is measured through a Schaevitz Linear
Variable Differential Transformer (LVDT) which is connected to the top platen through a
rod and the counterbalancing spring. The LVDT measures the change in length of the
specimen during the entire testing procedure.
The confining chamber confines the soil specimen and the loading system so that a
confining pressure can be applied to the soil specimen. The standard acrylic chamber which
has a capacity of 700 kPa can be replaced by a steel confining chamber so that higher
confining stresses can be applied. The chamber lid has ports connecting the loading system
with the electrical system and the pressure-volume change system. The confining stress in
the chamber is measured through a pressure transducer with 500 psi (3450 kPa) capacity.
The wiring from the drive coils, LVDT and the accelerometer are connected to the chamber
lid, which in turn is connected to the electrical system of the apparatus for display or
control.
The confining and pore pressures are controlled through a pressure panel connected to the
building air pressure line which has a capacity of 120 psi (830 kPa). The confining pressure
that is applied is controlled through valves and supplied into the chamber through a
pressure line. The burette system mounted on the panel is used for measuring the amount
of water drained into/from the specimen. The base of the apparatus is connected to the
pressure-volume change system through a second pressure line. The pressure that is applied
at the pressure-volume system end, the backpressure can be controlled through another set
of valves. The pressure-volume system also has an analogue dial to read the supply,
confining and back pressures.
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The mechanical system of the Drnevich Resonant Column Apparatus is pictured in figure
5.1. Figure 5.1a shows the chamber enclosing the loading frame and the specimen sitting
next to the pressure-volume change system. The steel chamber that is used in this research
makes it impossible to see the specimen and the loading system. Figure 5.1b shows a soil
specimen setup in the apparatus before the chamber is placed on the system. The drive
coils, pictured in black and red, enclose the magnets used to apply the torque. They are
mounted on the top platen which, in turn, houses the top cap. The drains from the top and
bottom of the specimen, and the outlet for the pressure transducer at the base of the
specimen can be opened or closed using the valves pictured on the right bottom of the
picture.
a)

b)

Figure 5.1: a) The mechanical system of the apparatus b) The loading system with a soil
specimen after setup

5.2.2 Electrical system
The electrical system of the apparatus includes the components required to monitor the
pressures, apply and control the torsional load and determine the resonant frequency. The
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major electrical components include function generator, various amplifiers, oscilloscope,
readout units, digital voltmeter and control box. Brief descriptions of these electrical
components are made in this chapter.
The function generator provides the sinusoidal signal which is supplied to the drive coil
and results in the sinusoidal torsional load being applied on the soil specimen. The
frequency of the generated input signal can be manually modified by means of a knob. The
frequency is displayed on an electronic dial on the function generator. The power amplifier
amplifies this input signal before it is supplied to the apparatus. The amplitude of the input
voltage can be changed through the operation of a knob present on the power amplifier.
The voltage corresponding to this input current forms the horizontal display of the
oscilloscope. This voltage is also read off from the digital voltmeter.
The accelerometer output is connected to a charge amplifier and then to the control box.
The charge amplifier is supplied with DC voltage for its functioning to avoid noise related
to the AC supply. The voltage corresponding to the accelerometer output forms the vertical
display on the oscilloscope and is displayed on the digital voltmeter as well. The control
box is the hub of the electrical system and connects each component to the required system.
The control box controls the application of the input as well as whether to display the
voltage from the input or the accelerometer output. The oscilloscope displays the input and
output voltages as horizontal and vertical axes respectively. The resonant frequency is
achieved when the input and output voltages are at a phase difference of 180o with each
other. This is achieved varying the frequency of the sinusoidal signal from the function
generator. The resonant frequency is visualized in the oscilloscope by an ellipse whose
axes are oriented along the horizontal and vertical. The size of display of the horizontal
and vertical axes of the ellipse can be modified to make the reading process easier.
The pressure transducers and the LVDT in the apparatus are connected to the electronic
readout units. These readout units convert the output signals into pressure and displacement
readings. The confining pressure and pore pressure reading are displayed in pounds per
square inch and the displacement readings in millimeters.
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The electrical system of the resonant column apparatus is pictured in figure 5.2. The
oscilloscope shows the ellipse that is generated at the applied input frequency. The ellipse
is nearly vertical indicating that the frequency applied is very close to the resonant
frequency of the specimen. Figure 5.3 shows the schematic representation of the
connections between the various electrical components of the apparatus.

Figure 5.2: The electrical system of the resonant column apparatus

5.3 Testing procedure
The resonant column apparatus is capable of testing specimens with 1.4” and 2.8”
diameters. Due to the fact that the soil is more disturbed close to the walls of the Shelby
tube (Santagata et al., 2006), specimens of 1.4” diameter are used for this research.
Specimen preparation is similar to that of the triaxial setup. A 4 inch section of the Shelby
tube at the required location is cut out with the help of an electric saw. The soil is carefully
extracted using the method described by Ladd & DeGroot (2003) and then trimmed down
into the required diameter of 1.4 inches using a wire saw. The specimen is then trimmed
down to the required length removing the topmost and bottommost portion of the specimen
which could have relatively more disturbance from the sawing procedure. The dimensions
and the weight of the specimen are then measured.
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Fig 5.3: Schematic diagram for electrical connections (Drnevich, 1988)

Prior to positioning the specimen on the apparatus base, the pore pressure and volume
change apparatus are first saturated. Six strips of filter papers of 6 mm width are placed
around the specimen to speed up the consolidation (see Figure 5.1(b)). Two thin non
lubricated membranes were used to isolate the specimen from the fluid bath. Once the
system is assembled, the initial readings of the monitoring systems are taken.
The confining pressure inside the chamber is increased under undrained conditions to an
initial value (~ 25 kPa), sufficient to generate a positive pore pressure, to obtain an estimate
of the residual effective stress of the soil in the range of 5 – 13 kPa. The soil is then saturated
by means of backpressure. The pore pressure coefficient, B, is checked by applying an
incremental confining pressure and then measuring the incremental pore pressure. The
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Skempton equation can be used to calculate the pore pressure coefficient, B = ∆u/∆σ’3c,
where ∆u is the pore pressure increase for ∆σ’3c increase in the confining stress. The soil
is assumed to be saturated if the B value of the specimen reaches a value equal or greater
than 0.95 (Black and Lee, 1973). Since the initial degree of saturation is high, B value of
0.95 is usually achieved by the application of 200kPa backpressure for a duration of 24
hours.
The specimen is then consolidated in stages to the stress state required before performing
a high amplitude testing. In each of the stages, the confining stress in the chamber is first
increased to the desired value, and then consolidation is initiated by opening the drainage
valves connecting the specimen to the burette, which serves as the volume change
apparatus. In the tests performed for this research, consolidation took place under single
drainage conditions (through the top of the specimen) so as to be able to monitor the
dissipation of the excess pore pressure through the pressure transducer connected to the
bottom of the specimen. Note that all specimens were consolidated isotropically.
Throughout consolidation (and subsequent creep) the low strain shear modulus is
measured. This is done by setting the torque amplitude to a low value and then obtaining
the resonant frequency of the specimen. Resonance is identified by adjusting the frequency
of the input signal to obtain an ellipse whose axes are vertical and horizontal on the
oscilloscope display. For each testing process the resonant frequency, input signal voltage
and the output signal voltage are measured along with the LVDT, pore pressure and burette
readings.
Similar measurements of the low strain shear modulus are conducted at each of the stress
levels reached during the final consolidation stages. Once the final stress state and overconsolidation ratio is achieved through loading and or unloading, the specimen is then
sheared to larger shear strains. The drainage valves are closed prior to performing this part
of the test to ensure undrained shear response. The sequence starts at low strains and
progresses to higher strains by doubling the amplitude of the applied torque. The pore
pressure is monitored during the process. The resonant frequency of the specimen
decreases with increasing strains as it is directly connected to the shear modulus of the
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specimen. The measurement of the resonant frequency is done in the same manner as
described above in the small amplitude shearing.

5.4 Testing program
This section outlines the testing program that was completed as part of this research. As
described in chapter 4, three different types of soils were identified in the marl deposit: soil
M, soil C soil and soil T. While the focus of the research is the characterization of the small
strain shear modulus of the two carbonate rich soils: soils M and C, tests were also
performed on specimens of soil T, to get a better understanding of the small strain modulus
profile at the site, in the context of comparing the lab results to the sCPT data.
As summarized in Table 5.1, a total of eleven resonant column tests were performed on
soil from samples obtained at various depths from different boreholes. In total three
specimens from soil C were tested along with six of soil M and three of soil T. For each
specimen, small strain shear modulus (Gmax) and damping ratio measurements were made
at varying stress levels to study the effect of the effective confining stress on these
parameters. Once the final desired effective stress was reached, the degradation of the shear
modulus with strain (shear) was observed. For most tests, this occurred when the specimen
was in the normally consolidated state. The effects of over consolidation (OC) on initial
stiffness and shear degradation were examined through a limited number of tests (see Table
5.1). A limited investigation of the effects of aging on Gmax was also conducted. It relied
on three tests– one on soil M, the others on soil C, in which the specimens were allowed to
creep for 3 - 13 days. A discussion of all results is provided in Chapter 6.
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Table 5.1: Overview of resonant column testing program
RC #

Boring

Soil

Confining stress
σc’ (kPa)

MR#3

depth
(ft)
28.7

RC101

M

MR#3

29.2

C

79
171
342
605
83
172
347
598
90
180
361
631
83
176
314
601
78
158
319
73
144
288
505
88
177
352
89
178
359
551
62
124
245
84
149
297
201
152
78
597
299
78
146
297
202
153
76
597

RC102

RC103

MR#4

32.5

T

RC104

MR#2

32.5

T

RC105

MR#1

26.5

C

RC106

MR#3

22.5

M

RC107

MR#3

30.5

M

RC108

MR#3

22.8

M

RC109

MR#1

18.5

T

RC110

MR#2

29.5

M

RC111

MR#2

29.8

C

OCR

Aging
(days)

3

8

3

1.5
2
4
2

1.5
2
4
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CHAPTER 6: RESULTS

6.1 Introduction
This chapter presents and discusses the results of the resonant column tests performed as
part of this research. As described in the previous chapter and summarized in Table 5.1,
tests were performed on three different soils: soil M and soil C, sampled from the “marl”
layer, and soil T, obtained from the extremities of the marl deposit. The focus of this
chapter is on soils C and M. The results generated from one particular test are first
discussed in section 6.2. This is done to illustrate the data collected from a resonant
column test. The following section (section 6.3) presents and analyzes the small strain
amplitude results (both Gmax and damping ratio), illustrating the role played by effective
stress, void ratio and over consolidation ratio, and highlighting the difference in the data
between soil M and soil C. The effect of aging on the initial stiffness is studied in 6.4.
The shear modulus degradation curves and how the soils M and C compare with each
other are discussed in 6.5, comparing the results to those of other soils from the literature.
Finally, section 6.6 compares the laboratory measurements of shear velocity and shear
stiffness from data obtained in the field using the seismic CPT, and discusses potential
reasons for the observed discrepancy.

6.2 Typical results of a resonant column test
Before presenting and analyzing the results from all the tests performed, the results of
one of the resonant column tests are presented to illustrate what is the information that is
gathered from each of the tests.
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The specific test described in detail is RC# 102 (See Table 5.1) performed on soil C. In
this test the soil specimen was first consolidated to a stress of 83 kPa, equal to the in-situ
vertical effective stress. Following measurement of Gmax at this stress level, the confining
stress was increased in steps to higher stress values (172, 347, 598 kPa). Measurements
of Gmax and the small strain damping ratio were conducted during each of these
consolidation stages. Finally, after reaching the final effective confining stress of 598
kPa, the specimen was subjected to straining of increasing amplitude under undrained
conditions to investigate the stiffness degradation behavior and the variation of damping
with strain level.
Figure 6.1 (a) shows the variation with time (on a logarithmic scale) of Gmax during
consolidation to 350 kPa. Figure 6.1 (b) shows the variation of damping ratio with time.
Figure 6.1 (c) presents the corresponding data of axial displacement versus time. The
variation in Gmax over this approximately 3 day long stage follows an S curve. The
increase in shear stiffness is driven first by the increase in effective confining stress
deriving from the excess pore pressure dissipation process, and then by the effects of
creep. Once primary consolidation is completed, Gmax increases linearly versus the
logarithm of time. The aging coefficient, NG (see section 2.2.4), can be derived from this
portion of the curve, as will be shown in section 6.4. Overall, this behavior is consistent
with previous observations reported in the literature on the effects of time on the initial
stiffness of clays (Santagata & Kang, 2007). Figure 6.1 (b) shows that the damping ratio
reduces with time. However the reduction does not follow any particular trend.
Data such as those presented in Figure 6.1 are obtained from each stress level at which
each of the specimens is tested (see Table 5.1). Note that in the majority of the tests,
consolidation was not prolonged long enough to determine the NG. NG determination was
possible in a select tests where the consolidation was continued well past the primary
consolidation (refer to section 6.4).
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Figure 6.1: Example of curves of (a) shear modulus, (b) damping ratio and (c) vertical
displacement versus time derived from consolidation stage (soil C, RC#102, 347 kPa)
stress level)

The end of primary consolidation can be identified from data of displacement versus
time. The values of the initial shear modulus measured at this time at each stress
increment are then plotted against the confining stress. Figure 6.2 (a) shows the plot of
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Gmax with the effective confining stress for all measurements conducted during RC#102.
As expected (see section 2.2.1), Gmax varies as a power function of the effective stress.
For this particular test, the relationship is described by the following equation, 𝐺𝑚𝑎𝑥 =
′ )0.73
367.8 ∗ (𝑃𝑎 )0.27 ∗ (𝜎3𝑐
kPa. The need to normalize the data due to difference in void

ratio, and a discussion of the values of the fitting parameters is provided in the next
section. The corresponding values of the damping ratio, D, can also be plotted versus
effective confining stress, as seen in figure 6.2 (b). The observed reduction in D with
vertical effective stress in the log-log space is in line with what is seen in the literature for
other clays (see section 2.3.1). Data sets similar to those presented in Figure 6.2 are
obtained from each of the tests conducted.
As discussed in chapter 5, once the final stress level is reached, the soil specimen is
sheared in undrained conditions to study the degradation of the shear modulus and the
change in the damping ratio with shear strain. Figure 6.3 presents an example of the data
collected from this stage. The particular data shown were derived from measurements
conducted on RC#102 at an effective confining stress of 600 kPa, with OCR of 1. Figure
6.3 (a) shows the shear stiffness degradation and the normalized excess pore pressure
development. The excess pore pressure is normalized by the confining pressure at which
the undrained shear is performed. Figure 6.3 (b) includes the same stiffness degradation
curve, along with the data showing the increase in damping ratio versus shear strain. It is
seen from Figure 6.3(a) that the generation of excess pore pressure is slightly delayed
compared to the start of degradation of shear modulus. Overall, the behavior depicted in
Figure 6.3 is representative of the response observed in all tests conducted in this
research, and is generally consistent with what has been presented in the literature (see
chapter 2).
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Figure 6.2: Typical variation of (a) Gmax and (b) D; with effective confining stress
(RC#102 on soil C)
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Figure 6.3: Typical curves of (a) shear modulus and excess pore pressure; and (b)
damping ratio versus shear strain (soil C, RC#102, c=598 kPa, OCR=1)

6.3 Low amplitude results
This section deals with the low amplitude results, focusing on the initial shear modulus
Gmax and the small strain damping ratio (D) of soils M and C. It examines the effects of
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effective stress, void ratio, overconsolidation ratio and aging on these parameters; and
compares the behavior of soils M and C.
Based on all the data collected both in the lab and in field, at the in-situ effective stress
conditions, soils M and C generally exhibit values of the shear modulus in the 20-55 MPa
range. Figure 6.4 shows where this range (see two thick black horizontal lines) fits in the
spectrum of shear modulus values for various clay deposits and materials. The values of
Gmax for the clay examined in this research fall in the range typical of soft clays. Among
the soils represented in the figure, Bothkennar (Shibuya et al., 1997) and Onsoy (Long &
Lunne, 2003) represent the deposits with the closest values. There are many other finegrained deposits with similar range of shear modulus reported in the literature, as is
discussed in section 6.3.1.

6.3.1 Effective stress and void ratio dependency of Gmax
As summarized in Table 5.1, the consolidation stress levels at which Gmax measurements
were conducted, varied between 70 and 650 kPa. As mentioned in section 2.2.1, the
effects of effective stress and void ratio on the shear modulus are difficult to sort due to
the fact that any effective stress change is necessarily accompanied by a change in void
ratio. Combining the effect of both the void ratio and the effective stress the shear
modulus can be expressed in the following form: 𝐺𝑚𝑎𝑥 = 𝐾 ∗ (𝑃𝑎 )1−𝑛 ∗ (𝜎𝑐′ )𝑛 where K is
a dimensionless constant, Pa is the atmospheric pressure, and σc’ is the effective confining
stress.
Figure 6.5 (a) shows plot of Gmax versus effective confining stress from measurements on
both soils M (data from RC#101, 106, 107, 108, and 110) and C (data from RC#102, 105,
and 111) tested in the normally consolidated state. It is seen that the solid round symbols
which represent the M data and the hollow square symbols which represent the C data
fall on two relatively close bands. The equations of the regression lines through these two
data sets are the following: 𝐺𝑚𝑎𝑥 = 293.5 ∗ (𝑃𝑎 )0.14 ∗ (𝜎𝑐′ )0.86 kPa for soil M and
𝐺𝑚𝑎𝑥 = 349 ∗ (𝑃𝑎 )0.21 ∗ (𝜎𝑐′ )0.79 kPa for soil C.
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3. Boston (Santagata and Kang, 2006; Landon et al., 2007)

4. Kaolin sediments (Chang et al., 2006)
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6. Na-montmorillonite suspension (Santagata et al., 2008)

7. Vallericca (Rampello & Silvestri, 1993)

8. Bothkennar (Shibuya et al., 1997)

9. Org clays (Madshus & Kaynia, 2000; Almedia & Marques, 2002)

10. Dredged sediments (McDermott & Sills, 2000)

11. Na-montmorillonite suspensions (El Mohtar, 2008)

12. London (Hight et al., 2007)

13. Onsoy (Long & Lunne, 2003)

14. Mexico clay (Ovando-Shelley et al., 2007)

Figure 6.4: Shear modulus of marl soils investigated in this research versus data
for other clay soils (Adapted from Santagata, 2009)

Even though the effective stress exponent and the scalar multiplier are different for soils
M and C, there is not much to differentiate the two soils based on the plots presented in
Figure 6.5(a). Note, however, that at any given stress level, the void ratio of soil M is
much higher than that of soil C. Consider for example, the two data points (one for soil M
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and one from soil C) plotted in Figure 6.5(a) in correspondence to an effective stress of ~
150 kPa (encircled in the figure). While the values of Gmax are very close, the values of
the void ratio at this effect stress are very different: 1.1 for soil C and 1.4 for soil M. To
distinguish between these two soils, it becomes imperative to quantify the effect of the
void ratio, as described below.
Figure 6.5 (b) shows the variation of the damping ratio as a function of the effective
stress level for soils M and C. The general trend of the damping ratio is to decrease with
increasing stress and decreasing void ratio. While the data for the two soils are very close
to each other, at any effective stress the higher plasticity M soil demonstrates a slightly
lower damping ratio compared to soil C. This is line with what was discussed in 2.3.1.
Since there is not much data connecting variations in void ratio to the damping ratio, the
study of void ratio function will concentrate on the Gmax data.
The relationships between Gmax and effective stress level obtained above for soils M and
C are compared in Figure 6.6 to those obtained for other clay soils (this are the same data
presented in section 2.2.1). This figure shows that the regression lines for both soils M
and C fall at the upper end of the range shown in Figure 6.6, with the line for soil M
falling almost exactly on top of the one for Lower 232nd St. clay, a slightly organic soft
Canadian fine-grained soil deposited during glacial regression (Zavoral, 1990), which has
plasticity index (20%-25%) and liquid limit (40%-50%) lower than those measured on
soil M. As discussed in section 2.2.1, the slopes and the scalar multipliers in the equation
𝐺𝑚𝑎𝑥 = 𝐾 ∗ (𝑃𝑎 )1−𝑛 ∗ (𝜎𝑐′ )𝑛 , n and K, show some dependency on plasticity. The lower
value of K and the higher n exponent derived for soil M relative to soil C are consistent
with the greater plasticity of soil M.
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Figure 6.5: Variation of (a) Gmax; two data points; and (b) D with effective
confining stress for soils M and C
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Figure 6.6: Comparison of Gmax vs confining stress relationships for soils M and
C soils to those for various fine grained soils. The plasticity indices are included in square
brackets.

The effect of the void ratio is usually quantified by a void ratio function, F(e). Various
expressions for the void ratio function have been proposed in the literature. In particular,
Jamiolkowski et al. (1995) show that a void ratio function of the type F(e)= e-x is
applicable to a wide range of soils. For six Italian clays these authors report values of x
between 1.11 and 1.52. Figure 6.7 illustrates that this type of function is effective in
describing the effect of void ratio on the shear stiffness of the two soils tested in this
work. In this figure the Gmax data are normalized by (σc’)0.5. This preliminary assumption
(see more below) is based on extensive evidence that the confining stress exponent is ~
0.5 (Hardin and Black, 1968; Marcuson and Wahls, 1978). It is seen in Figure 6.7 that
following this normalization, the data for soils M and C form two distinct band with the
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same “shape.” Moreover, the best fit lines through these two data sets have equation
Gmax/(σc’)0.5= e-x , justifying the selection of a void ratio function of this type.
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Figure 6.7: Variation of Gmax/F(p’) with void ratio for both soils M and C (F(p’) =
σ’c0.5)

Rather than derive the value of x from the equations of the curves displayed in Figure 6.7,
which rely on selecting a priori a value of the stress level exponent of 0.5, a regression
through all Gmax data available for each of the two soils is performed to derive the void
ratio exponent (x) and the stress level exponent that provide the best fits. Note that the
data sets used in this fitting operation include the data for the overconsolidated specimens
presented in section 6.3.2.

This operation yields values of the void ratio function

exponent of 1.89 and 1.48. Note that the void ratio exponent derived for soil M falls
outside the range reported by Jamiolkowski et al. (1995) for several Italian clays,
including Fucino clay, a carbonatic clay similar to the deposit investigated here.
However, even higher values have been reported in the literature (e.g. x = 2.45 for Boston
Blue clay – Santagata et al. 2005). Figure 6.8 shows the variation of Gmax/F(e) with
confining stress. For soils M and C the regression lines through the data have a slope of
0.48 and 0.54 respectively which is close to the value of 0.5 generally reported in the
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literature. Note that the lines for the two soils have “separated” relative to Figure 6.5(a),
with the one for soil M falling above that for soil C, illustrating how at the same void
ratio and effective stress, soil M exhibits a greater shear stiffness.
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Figure 6.8: Variation of Gmax/F(e) with effective confining stress for soil M and C
Based on the above, the dependence of the initial shear modulus of soils M and C on preshear void ratio and pre-shear effective stress is described by the following relationships:
𝐺𝑚𝑎𝑥 = 646.8 ∗ (𝑒)−1.89 ∗ (𝑃𝑎 )0.52 ∗ (𝜎𝑐′ )0.48 for soil M and 𝐺𝑚𝑎𝑥 = 417.1 ∗ (𝑒)−1.48 ∗
(𝑃𝑎 )0.46 ∗ (𝜎𝑐′ )0.54 for soil C. Note that these equations are independent of the units used
for stresses, i.e. if the stresses are expressed in kPa, then the resulting Gmax value is also
expressed in kPa.

6.3.2 Effect of OCR
To this point only normally consolidated data have been presented. For an
overconsolidated soil the void ratio is lower than a normally consolidated soil at the same
confining stress and demonstrates higher value of Gmax. The effect of overconsolidation
on Gmax is studied for the M and C soils for an overconsolidation ratio (OCR) range of 14. The specimens are consolidated to the normally consolidated line and then unloaded to
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different OCR values. The value of Gmax obtained for the overconsolidated soil at the
particular stress state is compared to the Gmax predicted for the same stress in the
normally consolidated stress state (Gmax-nc). Figure 6.9 shows the plot of Gmax/Gmax-nc with
the OCR of the specimen. The power exponent of the curves corresponds to the OCR
exponent for the soils. The OCR exponent (m) in the form, 𝐺𝑚𝑎𝑥 = 𝐺𝑚𝑎𝑥−𝑛𝑐 ∗ (𝑂𝐶𝑅)𝑚
for soils M is higher (0.52) than that for the soil C (0.36). In other words, the effect of
OCR on Gmax is higher for the higher plasticity M soil compared to the C soil. This is in
line with what is observed in the literature. These OCR exponents are well within the
range of 0.2-0.7 reported in the literature.
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Figure 6.9: Variation of Gmax/Gmax-nc with OCR

In the previous section relationships Gmax and the pre-shear effective stress and the preshear void ratio were presented. Similar expressions can also be derived linking G max to
pre-shear OCR and the pre-shear effective stresses. Based on the results presented in this
section, these expressions can be written as follows: 𝐺𝑚𝑎𝑥 = 293.5 ∗ (𝑃𝑎 )0.14 ∗ (𝜎𝑐′ )0.86 ∗
(𝑂𝐶𝑅)0.52 for soil M, and 𝐺𝑚𝑎𝑥 = 349 ∗ (𝑃𝑎 )0.21 ∗ (𝜎𝑐′ )0.79 ∗ (𝑂𝐶𝑅)0.36 for soil C. Again
these equations are independent of the units used for stresses, i.e. if the stresses are
inputed in kPa, then the resulting Gmax value is also expressed in kPa.
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While in principle it is possible to derive expression that link Gmax to the pre-shear values
of the void ratio, the OCR and the effective stress, for materials such as those examined
in this research, this is redundant, as once any two of these three variables as defined the
third one is necessarily fixed.

6.4 Effect of aging
As discussed in chapter 2, secondary consolidation causes an increase in Gmax, with the
modulus increasing approximately linearly with the logarithm of time. Understanding the
sensitivity to aging of Gmax is important in the context of comparing field measurements
of the shear modulus to lab data. In the field the effects of aging have been preserved, and
the measurements reflect an aging phase that can potentially have lasted several thousand
years. In laboratory measurements on soil sampled from the site, the effects of aging may
be partially or totally erased due to sample disturbance and/or the testing procedures;
hence, lab data reflect an aging period of a few hours to a few days.
In the literature the parameter NG is used to quantify the increase in Gmax with aging. NG
is defined as follows:
𝑁𝐺 =

∆𝐺𝑚𝑎𝑥
𝐺𝑚𝑎𝑥 log(𝑡⁄𝑡 )
𝑟𝑒𝑓

where Gmax is the initial shear modulus at time = tref and ∆Gmax is the increase in initial
shear modulus from Gmax at time = tref to time = t.
In this research NG was determined for both soil M and soil C based on tests in which the
specimens were allowed to consolidate well beyond the end of primary consolidation
while measuring Gmax with time. Such measurements were conducted in tests RC#107
(aged 3 days) on soil M and RC#102 (aged 3 days) and RC#105 (aged 8 days) on soil C.
A set of results for each soil is presented in Figure 6.10 (soil C) and Figure 6.11 (soil M).
The following values of NG were derived from the last part of the curves of Gmax versus
time shown in these figures: 0.20 (20%) for soil C, and 0.16 (16%) for soil M. Santagata
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and Kang (2007) review NG values from the literature and report values as low 5% and as
high as 44% for a variety of clays of various plasticity and origins, although the majority
of the data fall in the 10-20% range. The values for soils C and M fall at the middle-high
end of this range. While in the literature data there is a general trend of increasing N G
with increasing plasticity, a higher NG is estimated for soil C relative to soil M, despite its
lower plasticity. Finally, note that the NG values need not be constant for the entire
geological time scale (Santagata and Kang, 2007).
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Figure 6.10: Increase in Gmax and vertical displacement with time for soil C
during extended aging test (RC#105)

76

Shear modulus G
(MPa)

90

Displacement (mm)

120

0

60
30
0

1

2
0.1

1

10
100
Consolidation time (min)

1000

10000

Figure 6.11: Increase in Gmax and vertical displacement with time for soil M
during extended aging test (RC#107)

6.5 High amplitude results
As seen in section 2.2.5, the shear modulus of soils depends on the strain amplitude
experienced by the specimens. This section deals with the shear degradation of soils C
and M based on tests on NC and OC specimens, all performed under undrained
conditions. The effect of strain amplitude on damping ratio and the generation of excess
pore pressure is also examined. Special emphasis is placed on comparing the behavior of
soils M and C.

6.5.1 Normally consolidated condition
Undrained shear tests were performed on specimens (3 of soil M and 3 of soil C) sheared
starting from the NC stress state. Figure 6.12 presents the results of all six tests.
Specifically, Figures 6.12(a-c) show plots of the normalized (secant) shear stiffness (G/
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Gmax), the damping ratio, and the excess pore pressure, all as a function of shear strain. It
is found that for each soil the data are remarkably consistent. Note that the shear
degradation curves are plotted in terms of stiffness normalized by Gmax, to facilitate
comparison between different soils and/or tests conducted a different stress levels and
OCRs.
Figure 6.12(a) shows that for both soils M and C the shear modulus remains fairly
constant for strains lower than 0.005%. As done by other researchers (e.g. Georgiannou
et al., 1991; Santagata et al. 2007), the linear threshold can be estimated in
correspondence to G/Gmax =0.98. Based on the curves shown in Figure 6.12(a) this
threshold is 0.008% for soil M and 0.007% for soil C. These values fall in the range
typically reported for clays with similar plasticity (Santagata, 1998), and the slightly
greater linear threshold for soil M is consistent with the greater plasticity of this soil.
Beyond the linear threshold, the reduction in stiffness is rapid and non-linear, and at
about 0.1% shear strain the shear modulus has decreased by at least 50% for both soils. It
is seen that the stiffness degradation is slightly more pronounced for soil C (e.g. 0.85
Gmax is reached at about 0.02% and 0.03% shear strain for soil C and soil M,
respectively). While the difference is small, it is seen consistently across multiple tests.
The most significant difference between the two soils occurs between 0.005% and 0.02%
strains, while the curves remain fairly parallel beyond this stage.
Figure 6.12 (b) shows the development of the damping ratio as a function of shear strain
for soils M and C under undrained shear. The development of the damping ratio follows
more or less the inverse trend of the shear degradation curves. The damping ratio
increases with strain in the same manner as seen in the literature (refer section 2.3.2). The
damping ratio values obtained for the more plastic soil M are slightly lower than that of
the soil C. This is in line with that of what is seen in Figure 6.5 (b). Vucetic & Dobry
(1991) also found that the development of the damping ratio with strain is slower for
higher plasticity soils.
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Figure 6.12: (a) Normalized shear modulus, (b) damping ratio and (c) Normalized excess
pore pressure as a function of shear strain under undrained shear for normally
consolidated M and C specimens

79
6.5.2 Overconsolidated condition
A limited investigation of the effect of overconsolidation on the undrained shear behavior
of soils M and C was also conducted. For this purpose, as summarized in Table 5.1,
measurements of the shear stiffness were performed at OCR 2 (soil M) and OCR 4 (soils
M and C). The results of these tests complement the NC data reported above.
Figures 6.13 and 6.14 compare the data obtained by testing the overconsolidated
specimens to the normally consolidated results for soil C and soil M, respectively. Each
figure includes plots of normalized shear stiffness (Figures 6.13(a) and 6.14(a)), damping
ratio (Figures 6.13(b) and 6.14(b)), and excess pore pressure (Figures 6.13(c) and
6.14(c)) versus shear strain.
Figures 6.13(a) and 6.14(a) show that with increasing OCR the stiffness degradation
curve moves to the left, i,e, the degree of non-linearity increases. The shift in the position
of the curve is negligible in the case of soil C, but more significant in the case of soil M
(e.g. at 0.03% shear strain G/Gmax is equal to 0.83, 0.71, 0.65, for OCR equal to 1, 2, and
4, respectively). Associated with the shift of the stiffness degradation curve to the left, is
the reduction in the linear threshold (defined as above in correspondence to G/
Gmax=0.98). For soil C this parameter decreases from 0.007% (average value of all NC
tests), to 0.0055% for OCR 2. For soil M it goes from 0.008% (average value of all NC
tests), to 0.0045% for OCR 2, and 0.003% for OCR 4. The observed decrease in linear
threshold and increase in non-linearity with increasing OCR are not expected, as in the
literature, either the opposite trends with OCR are reported (e.g. Santagata et al. 2007) or
small to no effect of OCR is observed (e.g. Zavoral, 1990).
Figure 6.13 (b) and 6.14 (b) show the curves of damping ratio versus shear strain. The
damping ratios demonstrate similar trends as seen in Figure 6.12 (b). One thing to note is
that the confining stress at which the different the specimens were tested were different
for different OCR. The damping ratio is not normalized to remove these effects. Thus
comparing the damping ratios of different OCR becomes difficult.
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Figures 6.13(c) and 6.14(c) show the corresponding curves of excess pore pressure versus
shear strain. In this case we see that the generation of excess pore pressure is delayed
with increasing OCR. Specifically, the shear strain at which the excess pressure starts to
be generated increases from 0.007% (OCR =1) to 0.02% (OCR = 4) for soil C, and from
0.015% (OCR = 1) to 0.03% (OCR = 4). This behavior is consistent with previous
observations and explained by the fact that for overconsolidated specimen shear occurs
starting from inside the yield envelope. In general the generation of excess pore pressure
is believed to be the major driver of the reduction in shear stiffness. At this time the
inconsistency between the stiffness degradation curves and the excess pore pressure
generation curves has not found an explanation.

6.5.3 Comparison to data from the literature
Figure 6.15 compares the stiffness degradation behavior of the two carbonatic clays
investigated in this research to data for other soils obtained from the literature. The
literature data cover a very wide band (e.g. at 0.1% shear strain, G/Gmax goes from just
over 90% to less than 20%). The curves for both soil C and soil M fall in the middle of
this range. For both clays (especially soil M), the stiffness degradation curves fall closely
to the data for Lower 232nd st. clay (Zavoral, 1990) and Gulf of Mexico clay (Saada and
Macky, 1985).
It is widely established that the stiffness degradation curves shifts to the right with
increasing plasticity (Vucetic and Dobry, 1991; Zen et al., 1978). In other words, soils
with higher plasticity exhibits slower shear modulus reduction. As seen in chapter 4, the
plasticity of soil M is higher than that of soil C. This can explain the greater degree of
non-linearity observed in soil C. In Figure 6.16 the data of G/max versus shear strain for
soils M (PI = 32.9) and C (PI = 27.5) are shown overlain on the classic plot of stiffness
degradation curves for soils of increasing plasticity (from 0 to 52.4) developed by Zen et
al. (1978). The more plastic M soils have their degradation curves shifted to the right
compared to C soils and follow the trend shown by Zen et al. (1978).
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Figure 6.13: (a) Normalized shear modulus, (b) damping ratio and (c) excess pore
pressure; as function of shear strain for NC and OC C soil
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Figure 6.14: (a) Normalized shear stiffness, (b) damping ratio, and (c) excess pore
pressure; as a function of shear strain for NC and OC M soil
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In the case of damping ratios, the more plastic M soils demonstrates lower damping than
the C soil. Thus the damping ratio-strain curves are shifted to the right for M soil in
comparison to that of C soil. This is in line with what is seen in literature (Vucetic and
Dobry, 1991).
These findings seem to suggest that the differences in the stiffness behavior between the

Normalized shear modulus, G/Gmax
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Normalized Shear Modulus, G/Gmax

84

1.0

Soil M

0.8

soil C

0.6

PI=0 to
52.4

0.4
0.2
0.0
0.0001

Zen et al., 1978
0.001

0.01

0.1

1

Shear strain, γs [%]

Figure 6.16: Comparison of degradation of M and C soil with soils of plasticity varying
from 0 to 52.4 (Zen et al., 1978)

6.6 Comparison with field data
This section provides a comparison of the laboratory resonant column data to the results
obtained from the seismic CPT tests performed in the field, and discusses the possible
reasons for the observed differences.

6.6.1 Relationship between field and lab shear wave velocity data
For purposes of comparing the resonant column results to the field measurements
conducted using the seismic CPT, the values of Gmax obtained from the resonant column
tests are converted to shear wave velocities values using the following relationship: 𝐺 =
𝜌𝑉𝑠2 , where 𝜌 is the specimen density (the values used in this computation are those
specifically determined for each individual specimen). Figure 6.17 shows the shear wave
velocities obtained from the field (seismic CPTs 4 and 5) along with the values calculated
from the laboratory data. The laboratory values include all results gathered for soils M, C
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and T from the measurements conducted at the in situ stresses. In Figure 6.17 all lab data
are plotted with the same solid circle in correspondence to the depth of the sample, with
no distinction between the three soil types, as the difference between soils M and C are
not significant at the scale shown.
In general, it is found that both shear wave profiles follow similar trends, with the
laboratory results having smaller magnitude than the field data. The shear wave velocities
obtained from the resonant column tests are in the range of 90-120 m/s, which is 25-30%
lower than the values obtained from the sCPT. This discrepancy is expected mainly due
to the fact that the field measurements are conducted on an aged deposit, while aging
effects may be partially or completely erased in the laboratory tests. Other factors that
may also contribute to this discrepancy are discussed in the next section.
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Figure 6.17: Comparison between shear wave velocities from the lab and the field
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6.6.2 Factors influencing differences between lab and field data
The differences in the shear wave velocities obtained from the lab and field data can be
attributed to three factors:
i.

Differences in the stress states

ii.

Differences in the age of the specimen

iii.

Sampling disturbance effects

The difference in the stress states arises due to the fact that in the resonant column test
the soil specimens were isotropically consolidated, whereas in the field K0 conditions
exist. This means that, while the vertical stresses are equal, the horizontal stress, and thus
the mean effective stress in the field are lower compared to the lab specimen. There is
ample evidence in the literature, starting with the work by Hardin and Drnevich (1972),
that the shear stiffness (Gij) in the i-j plane is related through power functions with equal
exponent to i and j, i.e. Gij = Sij*(Pa)1-2n*(i)n*(j)n. As a result, the shear stiffness
values obtained in the lab under isotropic conditions would be expected to exceed the
field data by 15-20% (this estimate assumes that the exponents of i and j in the
power expression above are equal to 0.25 and that the field K0 is in the 0.48-0.60 range).
Another important, and inevitable, difference between the soil tested in the lab and that in
the field is the age of the soil. In the measurements done in the lab the age of the
specimen (i.e. the time spent “at rest” after reaching the current stress level) is in the
order of hours or days, whereas for the soil in the in-situ condition it could be in the
thousands of years. Since the stiffness of soils is known to increase over time, it is not
surprising that the soil in the field shows a much higher stiffness. This increase due to
aging can be quantified once the aging coefficient is known, as described in the section
below.
The difference caused by sampling disturbance however is difficult to quantify. However,
assessment of sample quality based on the reconsolidation strains measured in
consolidation and triaxial tests conducted by El Howayek (2014) indicates that the quality
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of the samples is high, and justifies neglecting this factor in the comparison of field and
lab measurements of Gmax.

6.6.3 Prediction of field stiffness from lab data
To establish if field values of the stiffness can be predicted from laboratory data once
differences in aging are accounted for, the shear wave velocity data from the sCPT tests
are converted to shear modulus using the mass density profile obtained from specimens
used for the laboratory tests. Soil M is more prevalent in the deposit and the presence of
thin layers of soil C is not be detected by the sCPT tests. Since the field testing is more
representative of soil M, the comparison is made based on soil M. These shear modulus
values are then normalized with respect to void ratio function, using the void ratio
function derived in section 6.3.1. This normalization again makes use of values of the
void ratio derived from the specimens used for the lab tests. Once this is done the field
data can be included in the plot of Gmax/F(e) versus vertical effective stress, developed for
the lab data (see Figure 6.8). This is shown in Figure 6.18(a). In this figure the field
data, which are represented by triangular symbols, are plotted in correspondence to the in
situ stresses, which all fall in a relatively small range (50-60 kPa).
To compensate for the differences in the stress state (isotropic versus anisotropic), the
Gmax/F(e) data are replotted in Figure 6.18(b) versus the mean effective stresses. For the
field data the mean effective stress is calculated based on values of K 0 of 0.72-0.78
obtained from K0-consolidated triaxial tests (El Howayek, 2014). As a result of the
change in the x axis, the field data points essentially move horizontally to the left on the
plot. Thus the difference between field and laboratory results widens.
A line parallel to the regression line through the lab data is drawn in Figure 6.18(b)
through the field data values. This line suggests that while aging will cause the modulus
to increase, the same relationship between effective stress and shear stiffness applies
regarding aging. This hypothesis is based on previous work conducted by Santagata and
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Kang (2007). The offset between the regression lines through the lab data and the line
through the field results reflects the effect of aging.
Two avenues can be pursued at this point. If the aging coefficient, NG, is known, the age
of the deposit that would produce the observed increase in stiffness can be back
calculated. Using the values of NG derived from the laboratory tests described in section
6.4, it is possible to derive the aging duration. Alternatively, if the age of the deposit is
known, one can determine the average value of NG that would produce the observed
increase in shear stiffness over this time.
In this study an estimate of NG of 0.16 was obtained for soil M from resonant column
measurements conducted over a period of 3 days (see section 6.4). If this value of NG is
assumed to apply for the entire aging duration in the field, an age of the deposit of ~
1,000 years is back calculated. This value is significantly lower than what is the assumed
age of the deposit (~ 100,000) from knowledge of the local geology (El Howayek 2014).
However, values of NG calculated from laboratory tests (which are based on
measurements conducted over days) may not be directly applicable to quantify the effect
of geologic time. Based on tests on Boston Blue clay, Santagata and Kang (2007) find
that the value of NG derived from tests in the lab overestimates the value back calculated
from the field data at a site where the age of the deposit is well known. They suggest that
the “mechanisms responsible for modification of the soil properties over geologic and
engineering time scales may be different, and thus that NG may not necessarily be
constant with time.”
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Figure 6.18: Comparison between normalized shear modulus from the lab and field data
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Table 6.1 provides the estimated age of the deposit for various values of NG and
illustrates how sensitive the calculation of the age of the deposit is to variations in NG.
This information can be used to pursue the second avenue illustrated above, i.e. derive an
average value of the aging coefficient from an assumed value of the age of the deposit.
Table 6.1 shows that, assuming that the age of the deposit of 90,000 years, an average
value of NG of 0.12 is derived. This value is 75% of the laboratory determined NG. .
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Overall this confirms that laboratory determined values of the aging coefficient cannot be
used to predict increases in shear stiffness over geologic times, and that NG is likely not
to remain constant over such extended aging durations.

Table 6.1: Estimated ages of the deposit for various values of NG
NG

% original NG

Estimated age (yrs)

0.16

100

1,000

0.14

90

5,000

0.12

75

90,000

0.096

60

2,000,000

Based on the above, where direct measurements of the shear velocity are not available,
the relationships derived earlier (see bottom of section 6.3.2) for soil M can be used to
obtain estimates of Gmax in deposits with characteristics similar to those of the site
investigated in this study. If the response of the deposit in its “intact” aged state is of
interest, a 1.5 multiplier (at the low end of the range identified above) should be used to
account for the increase in stiffness due to the age of the deposit. However, this effect
should not be considered (i.e. no multiplier should be used) once the marl layer has been
loaded, as straining associated with the increase in effective stresses will at least partially
the effect of aging. This latter circumstance is likely to be more common, as site response
analyses (which require input of shear stiffness data) are generally going to be of interest
at “constructed” sites.
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CHAPTER 7: CONCLUSIONS

7.1 Introduction
The research presented in the thesis is part of a broader effort to gain an increased
understanding of the engineering properties and the geographic distribution in the State of
Indiana of carbonatic fine-grained soil deposits, commonly referred to as marls. The
specific objectives of the work presented in this thesis were: a) to map marl deposits in
Indiana, and b) to study the small strain behavior of these geomaterials. The mapping of
marl deposits in Indiana was done on a ArcGIS platform. The stiffness characterization
work relied on resonant column laboratory tests performed on high quality tube samples
obtained at a site located in Daviess County, IN. These data were then compared to the
results of seismic CPT tests performed at the same site. This chapter attempts to connect
the project objectives with the research that has been performed. Specifically, section 7.2
provides a brief overview of the work performed for this thesis. Section 7.3 summarizes
the main conclusions drawn from the research and section 7.4 provides recommendations
for improving and further developing the current work.

7.2 Summary
7.2.1 Mapping marl deposits in Indiana
The mapping of marl deposits in Indiana was done on a ArcGIS platform. The presence of
soils with varying calcium carbonate contents was identified from a database of previous
INDOT projects. The soils were then classified on the basis of the calcium carbonate
content and the availability of lab results. The data points were represented on the map
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based on the latitude and longitude data available for the boreholes. The symbols used in
the mapping allow to clearly determine: the classification of the soil (based on the calcium
carbonate content), the depth at which it is encountered and the presence of laboratory
results. The data associated with each borehole can be viewed easily by clicking on the
corresponding borehole. The locations where most of the marl deposits were identified
were spread out in the northern one-third of Indiana as well as along I-69.

7.2.2 Small strain characterization of marl
The second objective and the primary focus of the research presented in this thesis was the
characterization of the stiffness of marls. Seismic CPT tests and field sampling were
conducted at a site in Daviess County, Indiana, part of the I-69 project. The stratigraphy of
this site includes an approximately 3.5 m thick layer of a soft carbonatic fine-grained soil
– herein referred to as the marl layer - which commences at a depth of about 5 m. The water
table varies seasonally, and at the time of sampling was about 1.5 m from the ground
surface. Thus the marl layer is completely saturated.
Data from two seismic CPT tests performed at the site were reduced to derive the shear
wave velocity profile of the deposit. The shear wave velocities obtained for the marl deposit
were found to fall between 120 and 180 m/s, much lower than those for the layers above
and below.
An extensive program of index tests conducted on soil sampled from the marl layer
indicates that this layer is not uniform. It consists of alternating sublayers of two soils with
distinct characteristics. These two soils are referred to as soil M and soil C, with the former
being more prevalent in the deposit. Based on tests conducted by the author as well as by
El Howayek (2014), soils M and C differ in carbonate content (~ 60% for soil M versus ~
40% for soil C), in situ void ratio (1.45-1.8 versus 1.1-1.2), specific gravity (~ 2.7 versus
~2.78), % finer than 1 m (15% versus 25%), liquid limit (61-79% versus 40-52%),
plasticity index (25-40% versus 20-28%). In general, the majority of soil M samples are
classified as high plasticity silts (MH), while samples of soil C are classified as low
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plasticity clays (CL). Another difference between the two soils is that a significant number
of shells are observed in soil M, but not in soil C. A third soil type – labeled as soil T –
forms the upper transitional material.
3 in high quality tube samples were obtained from the field using mud rotary drilling. 1.4
in (3.5 cm) diameter specimens were trimmed from these samples using a wire saw and
used to conduct resonant column tests with the Drnevich Resonant Column Apparatus
available in Purdue’s Geotechnical Engineering Laboratory. These tests provide
measurements of shear stiffness and damping as a function of shear strain, for strains as a
large as ~ 0.3%. Low amplitude measurements involve shear strains on the order of 0.001%
and thus can be considered non-destructive (i.e. several measurements can be performed
on the same specimen). Thus they provide a basis to study the effects of confining stress,
void ratio, overconsolidation and aging on Gmax. The high amplitude testing provide instead
the shear degradation characteristics.
A total of eleven resonant column tests were performed on soil sampled from the site: 6 on
soil M, 3 on soil C and 3 on soil T. All specimens were first consolidated isotropically to
a stress corresponding to the in-situ vertical effective stress.

Gmax and damping

measurements were taken during the consolidation process as well as after reaching the
targeted effective stress. The stress level was then increased to higher values in a step-bystep manner. Measurements were taken at stress levels in the 70 – 650 kPa range to study
the effect of confining stress. In each test, at the final effective stress, higher amplitude
measurements were conducted to investigation the undrained stiffness degradation
behavior and the variation of damping as a function of shear strain. In three tests (2 on soil
C and 1 on soil M), the specimens were unloaded to the overconsolidated state prior to the
large strain amplitude measurements to assess the role played by OCR. Finally, in two tests
(1 on soil C, 1 on soil M) the specimens were left to creep under a constant effective stress
for a duration of 3-8 days while monitoring changes in Gmax. These tests allowed
determination of the aging parameter NG, which quantifies the change in the small strain
shear stiffness with time.

Throughout the work special emphasis was placed on

distinguishing the stiffness characteristics of soils M and C.
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Finally, the lab measurements of Gmax were compared to values derived from the field tests,
and the factors that could contribute to differences between these two sets of measurements
were studied. A comparison of the shear modulus data obtained from the laboratory and
field results provides insight into the effects of aging on shear stiffness.

7.3 Conclusions
7.3.1 Low amplitude (Gmax) test results
The following conclusions can be drawn based on the extensive program of low amplitude
resonant column tests conducted in the laboratory on soils C and M at different stress levels,
void ratios, and OCRs, and on the comparison of these results to data derived from in situ
measurements using the seismic CPT:
1) The Gmax values measured at the in-situ stresses both in the lab and the field fall
between 20 and 55 MPa, which is in the range observed for other (very) soft clays
like Bothkennar clay (Shibuya et al. 1997) and Onsoy clay (Long & Lunne, 2003).
2) For “young” materials, which have not been subjected to significant aging the
following expressions derived from the resonant column test results can be used to
estimate Gmax from the pre-shear values of void ratio and effective stress, or from
the pre-shear values of effective stress and OCR:
𝐺𝑚𝑎𝑥 = 646.8 ∗ (𝑒)−1.89 ∗ (𝑃𝑎 )0.52 ∗ (𝜎𝑐′ )0.48

Soil M

𝐺𝑚𝑎𝑥 = 417.1 ∗ (𝑒)−1.48 ∗ (𝑃𝑎 )0.46 ∗ (𝜎𝑐′ )0.54

Soil C

𝐺𝑚𝑎𝑥 = 293.5 ∗ (𝑃𝑎 )0.14 ∗ (𝜎𝑐′ )0.86 ∗ (𝑂𝐶𝑅)0.52

Soil M

𝐺𝑚𝑎𝑥 = 349 ∗ (𝑃𝑎 )0.21 ∗ (𝜎𝑐′ )0.79 ∗ (𝑂𝐶𝑅)0.36

Soil C

where Pa is the atmospheric pressure and σc’ is the mean effective stress (which for
the isotropically consolidated laboratory specimens is also equal to the vertical
effective stress). Note that these equations are independent of the units used for
stresses, i.e. if the stresses are inputed in kPa, then the resulting Gmax value is also
expressed in kPa. The use of these relationships should be limited to the specific
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site investigated in this research, for example to track variations in stiffness
associated with changes in stress level and OCR caused by construction at the site;
at most , it may be extended to sites in close proximity to the existing one, with
similar characteristics.
3) The form of these relationships is consistent with expressions reported in the
literature for other clays.
4) The relationships above highlight the difference response of soils M and C, with
the former exhibiting greater Gmax at a given effective stress level once differences
in void ratio are accounted for (see Figure 6.8).
5) The higher values of the confining stress and OCR exponents, the lower value of
the constant (i.e. the scalar in the expressions above in terms of effective stress and
OCR) for the more plastic soil M relative to soil C are consistent with the effects
of plasticity on these parameters described in the literature.
6) For both soils the values of the small strain damping ratio are quite small (1%3.5%) and decrease with effective confining stress (see Figure 6.5). The marginally
lower value of the damping ratio of soil M at any given effective stress relative to
soil C is in line with the effects of plasticity on damping ratio reported in the
literature.
7) Based on Gmax measurements conducted on specimens subjected to prolonged
laboratory aging (3-8 days), aging coefficients (NG) of 0.16 and 0.20 are derived
for soils M and C respectively. These values fall at the mid-to-high end of the range
reported in the literature. The higher value of NG for soil C relative to soil M is
inconsistent with the expected trend of NG with plasticity.
8) Comparison of the Gmax measurements conducted in the lab at the in situ stresses
to the Gmax values derived from shear wave velocities measured in the field indicate
that the Gmax field data are 50-70% greater than the corresponding lab values.
9) This discrepancy can be attributed to the different age (i.e. the time spent at the preshear effective stress) of the soil tested in the lab (hours to days) compared to the
field soil (estimated age ~ 100,000 years).
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10) The field data do not allow discerning the presence of the two soil types (soils M
and C) identified in the laboratory tests.
11) Use of the laboratory determined values of the aging coefficient NG in conjunction
with the estimated age leads to overestimate the shear stiffness values measured in
the field. This indicates that NG is not constant over geologic aging times, and that
laboratory determined values should not be used to predict stiffness increases over
geologic times.

7.3.2 High amplitude test results
Based on the program of high amplitude measurements conducted under undrained
conditions on specimens of soils C and M, the following conclusions can be drawn on the
stiffness degradation behavior of these soils:
1) As seen for the Gmax values, differences in G/Gmax curves are observed between soil
M and soil C. For OCR of 1, soil M shows an increased linear threshold and a
reduced stiffness degradation with increasing shear strain compared to soil C
(Figure 6.12a). This is consistent with the higher plasticity of soil M. Overall, the
shear degradation curves for both soils follow the trends exhibited by soils of
similar plasticity documented in the literature (Figure 6.16).
2) Small but consistent differences are observed also in the curves of damping with
shear strain, with soil M exhibiting smaller damping at any shear strain (Figure
6.12b). This observations is also consistent with the difference in plasticity of the
soils.
3) The

limited

number

of

high

amplitude

measurements

conducted

on

overconsolidated specimens of soils M and C yield partially unexpected results.
While, as expected, the generation of excess pore is delayed in the overconsolidated
specimens related to the normally consolidated ones, the degree of non-linearity
increases and the linear threshold decreases with OCR. These two effects, which
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are more pronounced for soil M, are contrary to previous observations on the effects
of OCR, and require further investigation.

7.4 Recommendations for future work
Through the research performed for this thesis a “tool” for mapping marl deposits in the
State of Indiana was developed, and extensive dataset was gathered on the small strain
stiffness of a marl deposit. This section identifies opportunities for additional work that
would complement and enhance the research performed to date.
With regard to the mapping of marl in Indiana, the following is recommended:
a) An effort should be made to continuously update the database with data from
ongoing and future projects.
b) While the existing database is comprised primarily of data from INDOT projects,
future work should incorporate data from other projects, involving companies in
the private sector.
With regard to the small strain behaviour of marls the primary recommendations for
additional work can be summarized as follows:
a) The resonant column testing program was ultimately limited by time constraints.
However, especially given the availability of samples from the site, it is
recommended that additional tests further investigate the role played by: OCR
(consolidating specimens to a broader range of pre-shear effective stress levels to
identify an explanation for the unexpected behaviour described above), stress state
(by performing tests on anisotropically consolidated specimens), time (by
measuring Gmax over laboratory aging durations as longs as a few months).
b) Additionally, testing specimens trimmed from the from hollow stem auger samples
or testing reconstituted soil specimens would provide insight into the effects of
sample disturbance on the small strain stiffness characteristics of marls, and on the
role played by the natural structure.
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c) The previous section summarized some of the key differences observed between
soils M and C. Not all these discrepancies are consistent with differences in the
plasticity between these two soils. An in depth mineralogical characterization of
these two soils appears necessary to understand the causes of the observed
differences in mechanical response. Such an investigation might rely on
thermogravimetric analysis (TGA), X-ray diffraction (XRD) and be complemented
by observations of the microstructure of the two soils using scanning electron
microscopy (SEM). Specific emphasis should be placed on understanding the role
played by the shells present in soil M on the plasticity and behavior of this soil.
d) As discussed in chapter 5, the age of the deposit is not known with certainty. The
current estimate is based on the geology of the area. Determining the age using
dating methods would further provide not only an increased understanding of the
soil depositional environment, but would improve comparisons between laboratory
and field measurements.
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Appendix A: Equations for Resonant Column

In resonant column, the shear modulus, shear strains and damping ratio are calculated from
based on the voltage readings, specimen dimensions and the apparatus calibration factors.
This appendix provides a summary of the equations used for calculating these factors. For
an in-depth discussion of the theory behind the calculations, please refer to Drnevich
(1988) and ASTM D4015. The equations for shear modulus, shear strain and damping ratio
are as follows:
2

𝐺 = 𝜌 ∗ (2𝜋𝐿) ∗ (𝑓𝑇 /𝐹𝑇 )

2

where 𝜌 is the specimen density, L is the specimen length, 𝑓𝑇 is the resonant frequency of
the specimen, and 𝐹𝑇 is a dimensionless frequency factor.
𝛾 = (𝑅𝐶𝐹 ∗ 𝑅𝑇𝑂 ∗ 𝑑 ∗ 100)/(3 ∗ 𝐿)
where RCF is the rotation calibration factor, RTO is the rotational transducer output, d is
the specimen diameter and L is the specimen length.
𝐷=

100
𝐴 ∗ 𝑀𝑀𝐹𝑇

where A is an amplification coefficient and MMFT is the magnification factor which is
calculated from the equation:
𝑀𝑀𝐹𝑇 = {𝑅𝐶𝐹 ∗

𝑅𝑇𝑂
2
} ∗ 𝐽 ∗ (2𝜋𝑓𝑇 )
𝑇𝐶𝐹 ∗ 𝐶𝑅𝑇

where TCF is the torque calibration factor, CRT is the torsional coil input voltage and J is
the rotational inertia of the specimen.
Among the parameter seen above: fT, CRT and RTO are inputs; ρ, L, d and J are specimen
dimension related; RCF and TCF are calibration coefficients; FT and A are parameters
which are determined from other intermediate calculations. For the brevity of the
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discussion, further an in-depth discussion is not made here. It is recommended that the
reader refer to Drnevich (1988) and ASTM D4015.
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Appendix B: Summary of Results

A tabular summary of the shear modulus, void ratio and damping obtained at each
confining stress are presented below:
RC #

Soil

Confining
stress
σc’ (kPa)

RC101

M

RC102

C

79
171
342
605
83
172
347
598
90
180
361
631
83
176
314
601
78
158
319
73
144
288
505
88
177
352
89
178
359
551
62
124
245
84
149
297
201

RC103

T

RC104

T

RC105

C

RC106

M

RC107

M

RC108

M

RC109

T

RC110

M

OCR

Aging
(days)

3

8

3

1.5

Gmax
(MPa)

Void
ratio, e

Damping
ratio, D (%)

32
60
91
144
31
50
89
127
22
38
71
151
25
46
72
132
31
55
95
20
31
61
113
28
52
89
22
38
79
116
14
23
43
26
42
73
65

1.41
1.31
1.13
0.96
1.17
1.13
1.02
0.93
1.36
1.27
1.10
0.94
1.44
1.36
1.26
1.10
1.14
1.07
0.95
1.68
1.58
1.32
1.09
1.40
1.30
1.15
1.71
1.58
1.32
1.19
1.30
1.24
1.09
1.43
1.36
1.20
1.21

1.71
1.35
0.80
1.13
3.59
1.76
1.67
1.29
2.19
1.88
1.71
1.60
2.91
2.11
1.91
1.80
2.01
1.60
1.40
2.08
1.71
1.52
1.25
2.82
1.35
1.18
1.95
1.59
1.28
1.35
2.27
2.21
1.77
3.64
3.55
2.91
2.84
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RC111

C

152
78
597
299
78
146
297
202
153
76
597

2
4
2

1.5
2
4

59
45
156
119
26
43
77
68
59
39
152

1.22
1.22
0.98
0.99
1.22
1.11
0.96
0.97
0.97
0.98
0.78

3.17
2.72
6.44
8.88
2.39
1.97
1.65
1.62
1.76
1.72
1.40

